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 Various synthetic routes towards polycyclic aromatic hydrocarbons dibenzo[g,p]chrysene 
(DBC), chrysene, zethrene, and their derivatives were studied.  All of these compounds are not 
readily available and the literature lacks facile, efficient, and scalable syntheses.  Microwave 
flash pyrolysis (MFP) was used for the synthesis of benzyne and phenanthryne, both of which 
have the ability to undergo a Diels-Alder reaction at the bay region of polycyclic aromatic 
hydrocarbons.  Phthalic anhydride was used as a benzyne precursor and 9,10-
dicarboxyphenanthrene anhydride as a phenanthryne precursor.  DBC was observed after the 
MFP of biphenyl and 9,10-dicarboxyphenanthrene anhydride, signifying phenanthryne 
generation.  Fluoride-induced elimination and Grignard pathways were also explored for 
phenanthryne formation, but no indication of phenanthryne was seen.  DBC was efficiently 
prepared via a synthetic sequence that is the functional equivalent of the Stone-Wales 
rearrangement.  This sequence is referred to as the pinacol-pinacolone Stone-Wales sequence, 
which provides DBC in high yield under mild reaction conditions.  This is one of the most 
efficient and scalable syntheses of DBC with all of the steps providing high yields in short 
reaction times.  Calculations for the rearrangement steps using density functional theory (DFT) 
further support the conclusion of a very efficient synthetic pathway.  The same conditions were 
not successful for the synthesis of chrysene, however treatment of 1-indanopinacol with 
xiv 
 
polyphosphoric acid (PPA) did provide chrysene, suggesting an alternative mechanism from the 
pinacol-pinacolone Stone-Wales route.  For the synthesis of zethrene, the pinacol-pinacolone 
Stone-Wales sequence was applied to 1-acenaphthenopinacol, but like 1-indanopinacol, no 
pinacolone structure was observed.  Treatment of 1-acenaphthenopinacol with PPA in a 
microwave reactor generated a small amount of zethrene.  This suggests that the reaction 
between aromatic pinacols and PPA is an alternative and simple route towards polycyclic 
aromatic hydrocarbons.  Other pathways for zethrene synthesis were also studied.  Although 
further work needs to be completed to optimize the syntheses of chrysene and zethrene, these 




 This thesis consists of three separate chapters: (I) cycloaddition chemistry: synthetic 
routes using aryne precursors, (II) pinacol-pinacolone Stone-Wales sequence, (III) progress 
towards zethrene.  Each chapter is self-contained with its own introduction, results and 




Dibenzo[g,p]chrysene: A History Lesson 
  Background 
 In the field of polycyclic aromatic chemistry, dibenzo[g,p]chrysenes are of interest due to 
their optical and electronic properties which arise from a nonplanar geometry.  
Dibenzo[g,p]chrysene (DBC, 1) is one of the smallest nonplanar polycyclic aromatic 
hydrocarbons (PAHs).  Its twisted conformation enhances solubility; this has attracted attention 
from the field of materials science.1-3   
 In 1964, Clar4 reported the synthesis of 1, however the yield was only 8.1%, concluding 
this reaction pathway was not an efficient route (Scheme 1).  The reaction involves treatment of 
9-fluorenone (2) with a zinc melt to yield the spiroketone (3), which after treatment with a 
second zinc melt provides 1. 
 
Scheme 1.  Clar’s synthesis of 1.
4
 
In 1975, Alder and Whittaker5 reported the thermal Stone-Wales rearrangement of 
bifluorenylidene (4) at 400 oC to afford 1 (Scheme 2).  This synthetic pathway required high 





Scheme 2.  Thermal Stone-Wales rearrangement of 4.
5
 
 In more recent years, there have been reports of DBC synthesis by intramolecular 
oxidative carbon-carbon bond formation,6-8  metal catalysis,9-10 and super acid conditions.11-13  
None of these routes are suitable for a large scale, efficient preparation.  Previous research in 
our group has explored a cationic Stone-Wales pathway,12 as well as a radical pathway towards 
1.12, 14  The proposed radical pathway involves the use of microwave flash pyrolysis (MFP) with 
fluorene (5), generating 9,9’-bifluorene (6) which, after the loss of two hydrogens, can undergo a 
rearrangement to afford 1 (Scheme 3).  The cationic Stone-Wales route involves the treatment 
of 4 with trifluoromethanesulfonic acid (TfOH) to give a product mixture containing 1.  Although 
there are many synthetic routes towards 1, the literature lacks a facile, efficient, and scalable 
route which affords a high yield of this simple structure. 
 
Scheme 3.  Proposed radical pathway towards 1.
14
 
Route Towards Dibenzochrysenes: Origin of The Research 
 Exploring alternative pathways towards 1 that require mild reaction conditions, while 
producing high yields would make 1 more readily available and more affordable.  By avoiding 
syntheses involving expensive reagents, long reaction times, high temperatures, and multiple 
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steps, more research can be done investigating the applications of 1.  A similar synthetic route 
might then be applied to prepare other larger or more elusive PAHs. 
Discovering an efficient pathway towards 1 could lead to the synthesis of an array of 
dibenzochrysene homologues.  Extension along the bay region of 1 creates a π-extended PAH 
which can adopt a twisted conformation.  The synthesis of unsubstituted 
hexabenzo[a,c,fg,j,l,op]tetracene (7) has been very recently reported by Itami et.al.15 via a 
palladium catalyzed annulative π-extension reaction from pyrene (8) and dibenzosilole (9) in 
refluxing 1,2-dichloroethane (DCE) (Scheme 4).  Analysis using X-ray crystallography revealed 
a helically twisted structure. 
 
Scheme 4.  Synthesis of helically twisted 7.
15
 
 Further extension along the bay region should enhance the helical structure.  Density 
functional theory (DFT) calculations done in our group at the M052x/6-31G(d) level of theory 
reveal that a helical structure is preferred over other nonplanar conformations (Figure 1).  The 
staggered conformation is 2.4 kcal/mol higher in energy than the helical, while the zigzag 
conformation is 3.2 kcal/mol higher in energy than the helical.  Although these energy 
differences are not very large, they do show preference for the helical structure and this is 
further supported by the report15 of helically twisted 7.  In these helical structures, a full 360 o 




Figure 1.  Twisted conformations of π-extended dibenzo[g,p]chrysene. 
 Major goals of this research were to develop a short, efficient, low cost synthetic route 
towards 1 and to investigate possible pathways to extend 1 along the bay region to form larger 




Chapter I.  Cycloaddition Chemistry: Synthetic Routes Using Aryne 
Precursors 
Introduction 
Aryne Synthesis via Pyrolysis 
 Aryne chemistry has been widely studied for the use in cycloaddition reactions.  Aryne 
species are highly reactive, so they are not isolable and are typically generated in situ.  There 
are numerous routes for aryne generation;16-17 however, many of them require harsh reaction 
conditions like extreme temperatures.  Some of the most commonly reported pathways for 
aryne synthesis involve pyrolysis.  Pyrolysis reactions typically involve the loss of carbon 
monoxide and carbon dioxide from anhydride precursors.18 
Pyrolysis of anhydrides is one common route to benzynes.  In 1980, Straetmans and 
Grutzmacher19 reported the very low pressure pyrolysis (VLPP) of 9,10-dicarboxyphenanthrene 
anhydride (10), which generates phenanthryne (11) in situ as a precursor to phenanthrene (12) 
(Scheme 5a).  In a similar way, Scott and Fort20 report the flash vacuum co-pyrolysis (FVP) of 
perylene (13) and phthalic anhydride (14), where 14 acts as a benzyne (15) precursor.  A Diels-





Scheme 5.  (a) Generation of phenanthryne via VLPP.
19
 (b) FVP of phthalic anhydride and perylene.
20
 
 MFP offers another route for aryne generation.  Our techniques followed earlier work by 
Laporterie who developed a method where graphite is used to transmit thermal energy to the 
compounds in the reaction mixture, without being reactive itself.21  This application was further 
reviewed by Besson.22  Our research group developed an MFP procedure23 using graphite or 
carbon nanotubes, which generates 15.  One of the examples involves the reaction of 
anthracene (17) with 14.  Benzyne is generated by the loss of carbon monoxide and carbon 
dioxide from 14, and can undergo a Diels-Alder reaction with 17, to form trypticene (18) 
(Scheme 6).23 
 





 Pyrolysis is a useful pathway towards aryne formation, however it requires harsh 
reaction conditions.  There are many alternative routes which don’t involve extreme 
temperatures, pressures, or power.  Examples include fluoride induced elimination, formation in 
aprotic media solution, lithium-halogen exchange, and many others.16-17 
Fluoride Induced Elimination Pathway Towards Aryne Synthesis 
 The fluoride-induced elimination of organosilanes to yield cumulenes,24 strained alkenes, 
and enynes25 has been reported previously.  Utilizing these more mild reaction conditions, aryne 
generation has been reported using this technique.  Kobayashi et. al.26 reported the formation of 
15 via the fluoride-induced desilylation and triflate elimination of o-trimethylsilylphenyl triflate 
(19) at room temperature using various fluoride sources.  Commonly used fluoride sources are 
tetramethylammonium fluoride (TMAF), potassium fluoride (KF), cesium fluoride (CsF), 
tetrabutylammonium fluoride (TBAF), and a KF/18-crown-6 combination.  Due to the fact 15 is 
not isolable, its formation was investigated by introducing furan (20) as a trapping agent.  This 
can undergo a Diels-Alder reaction with 15 to form adduct 21 (Scheme 7). 
 
Scheme 7.  Benzyne formation and reaction with 20.
26
 
 Shakespeare and Johnson25 reported the fluoride-induced elimination of dienes 22 and 
23 for the synthesis of 1,2,3-cyclohexatriene (24) and cyclohexen-3-yne (25), respectively 
(Scheme 8).  Both reactions used CsF as a fluoride source and proceeded at room temperature, 
using furan derivatives as trapping agents.  In the case of 22, the fluoride attacks the silicon and 




Scheme 8.  Synthesis of 24 and 25 via fluoride-induced elimination.
25
 
 In more recent work, Castedo et. al. utilized these fluoride elimination conditions for the 
synthesis of several arynes.  They report that 19 will react with CsF to form 15, which in the 
presence of a palladium catalyst undergoes cyclotrimerization, forming triphenylene (26).27  A 
similar report involves generating 15 in situ which can undergo a co-cyclization in the presence 
of an alkyne to form phenanthrene and naphthalene derivatives.28  In 1999, Castedo et. al.29 
reported the fluoride-induced elimination of triflates 27 and 28 to generate naphthalyne (29) and 
11 respectively, followed by cyclotrimerization to their triphenylene derivatives 30, 31, and 32 
(Scheme 9).  Given the results of these reactions, it can be said the fluoride-induced elimination 




Scheme 9.  Cyclotrimerization of arynes.
29
 
Aryne Formation Using Dihaloarenes 
 Dihaloarenes have been reported to act as aryne precursors via a reaction with metals.  
When compared to the fluoride-induced elimination pathway, this route commonly requires 
higher temperatures.  There have been many reports of using metals such as lithium,30-32 
magnesium,33-34 nickel,35 along with several others.  In an early example, Wittig33 reported using 
o-fluorobromobenzene (33) in the presence of magnesium in tetrahydrofuran (THF) as a 
benzyne precursor (Scheme 10).  The formation of 15 was confirmed because in the presence 
of bicyclo[2.2.1]heptadiene (34), the cycloaddition product 35 was observed in 15-21% yield.  
Wittig applied these conditions to other dienes such as 20 and 17, again observing the Diels-
Alder product from 15.36-39  Following this work, Simmons34 used Wittig’s conditions for benzyne 
formation in the presence of bicyclo[2.2.1]heptene (36) and observed cycloaddition product 37 




Scheme 10.  Benzyne reaction with 34 and 36.
33-34
  
 Another commonly used approach for metal promoted aryne generation involves 
treatment of a dibromo-substituted arene with n-butyllithium (n-BuLi).  As one example, Müllen 
and Herwig30 demonstrated that treatment of 1,2-dibromobenzene (38) with n-BuLi generates 
15 which can react with tetraene 39, to form pentacene precursor 40 in moderate yield (Scheme 
11).  These conditions were also applied to form a nonacene precursor in 58% yield. 
 
Scheme 11.  Synthesis of a pentacene precursor via benzyne generation.
30
 
 It has also been reported that nickel is able to generate arynes from o-dihaloarenes and 
catalyze cycloaddition reactions.  Cheng and Hsieh35 reported a nickel-catalyzed cycloaddition 
of 15 with various alkynes and nitriles.  The synthesis involves using 1,2-diiodobenzene (41) as 
the benzyne precursor.  Treatment of 41 and diethylacetylene (42) with dibromo[1,2-
bis(diphenylphosphino)ethane]nickel(II) (Ni(dppe)Br2), bis(diphenylphosphino)ethane (dppe), 
and zinc powder, yields 1,2,3,4-tetraethylnaphthalene (43) in high yield (Scheme 12).  Synthesis 
12 
 
of many substituted naphthalenes, phenanthridines, and even triphenylenes were reported 
using this method.  These results prove dihaloarenes are useful precursors to aryne generation 
when treated with a nickel catalyst, providing good to high yields of cycloaddition products.  
However, even with the report of the reaction conditions being efficient, the aryne precursors 
are not always readily available. 
 




 One goal of this project was to explore various reaction conditions, such as microwave 
flash pyrolysis (MFP), with different aryne precursors to generate PAHs.  Using MFP to 
generate arynes in situ, one could potentially produce a wide variety of PAHs in one step with 
short reaction times.  Another goal of this research was to investigate alternative phenanthryne 
precursors for cycloaddition chemistry.  These precursors could be subjected to pyrolysis, 
fluoride-induced elimination, or metal-catalyzed aryne formation conditions to test their 
efficiency. 
Results and Discussion 
Aryne Generation Using Microwave Flash Pyrolysis (MFP) 
 The technique of MFP for benzyne formation was previously studied in our group.14, 23  
The use of 14 as a benzyne precursor is commonly reported in the literature because of its 
ability to lose CO2 and CO under pyrolysis conditions.
18  Previous work in our group reports 
MFP of 14 which affords a product mixture of starting material, benzene (44), biphenylene (45), 
13 
 
naphthalene (46), biphenyl (47), and 26, all derived in one or more steps from 15 (Scheme 13).  
Using MFP conditions, the ability of 15 and 11 to undergo Diels-Alder cycloaddition at the bay 
region of various PAHs was investigated. 
 
Scheme 13.  MFP of 14.
23
 
 Although the addition of 15 to 13 has been previously reported,20, 40-41 the MFP approach 
offers greater simplicity.  Using the MFP conditions developed by our group, 14 and 13 were 
reacted in a quartz tube at 150 W for 1 minute.  Using graphite as a thermal sensitizer, a 2:1 
ratio of reactant 13 to the cycloaddition product 16 was observed via 1H NMR (Scheme 14).  
The reaction was repeated at 300 W in an attempt to increase the conversion to product.  The 
maximum pressure threshold, or safe point, of the CEM microwave was reached after 30 
seconds, so the reaction was automatically shut down.  The same 2:1 reactant:product ratio 
was observed. 
 
Scheme 14.  MFP of 13 with 14. 
 This result led us to explore a similar addition to phenanthrene (12).  The same 
conditions were applied to the reaction between 12 and 14 (Scheme 15).  It was observed there 
14 
 
was only about a 5% yield of the cycloaddition product 48.  The amount of 14 was increased in 
hopes of forming more desired product; however this did not improve the conversion. 
 
Scheme 15.  MFP of 12 with 14. 
This reaction was repeated using maleic anhydride (49) to determine if it could add to 
the bay region of 12 to afford 8 under MFP conditions; however only approximately 2% 
conversion to product was observed (Scheme 16).  This reaction presumably proceeds by initial 
cycloaddition of 49 to the bay region of 12. 
 
Scheme 16.  MFP of 12 with 49. 
 In an attempt to further explore aryne addition to the bay region of PAHs using MFP,  
alternative aryne precursors were investigated.  Anhydride 10 was synthesized as a 
phenanthryne precursor using a method reported by Fields et. al.42  The reaction proceeds 
through an oxidative photochemical cyclization of diphenylmaleic anhydride (50) in the presence 




Scheme 17.  Photochemical cyclization of 50. 
 With 10 in hand, MFP was used to determine if it had the ability to act as a phenanthryne 
precursor to add to various PAHs.  To explore this possibility, a reaction between 47 and 10 in 
the MW at 300 W for 1 minute was completed (Scheme 18).  Analysis via 1H NMR indicates the 
product mixture contains mostly 12, starting material 47, and NMR resonances which 
correspond to 1, in a 5:2:1 ratio respectively.  There was also indication of oligomerization in the 
NMR baseline. 
 
Scheme 18.  MFP of 10 in the presence of 47. 
To determine whether MFP could be used to synthesize larger PAHs via aryne addition 
to the bay region, a reaction between commercially available 1 and 10 was completed (Scheme 
19).  In this reaction, mostly 1 and 12 were observed, but a small amount of cycloaddition 
product 7 was detected.  Analysis by 1H NMR shows a 20:1.5:1 ratio of 1 to 12 to 7.  This 
indicates the generation of 11 and suggests that after optimization, these reaction conditions 




Scheme 19.  MFP of 1 and 10. 
9-(Dibromomethylidene)fluorene: A Potential Phenanthryne Precursor 
 Phenanthryne precursors have received little attention.  Some previously reported 
compounds which act as phenanthryne precursors are 10-trimethylsilylphenanthryl 9-
trifluoromethanesulfonate (28),29 10,19 triazole 51,43 and 9-bromophenanthrene (52)44-46 (Figure 
2).   All of these precursors have the basic skeleton of 11 which can be formed by elimination of 
leaving groups. 
 
Figure 2.  Phenanthryne precursors. 
An alternative way to form an aryne is through rearrangement of a carbene.  Thermal 
interconversion of vinylidene 53 and 15 is well known (Figure 3).47  With this in mind, it was 





Figure 3.  Interconversion of 53 to benzyne. 
 The rearrangement of carbene 54 was studied computationally in Gaussian 0948 with 
DFT at the B3LYP/6-31+G(d,p) level of theory (Figure 4).  The calculations for the free-energies 
of the carbene rearrangement show a transition state barrier of 10.9 kcal/mol.  Due to the fact 
this barrier is not very high, a facile rearrangement of 54 might provide an efficient route to 11. 
 
Figure 4.  Free-energies of carbene rearrangement (B3LYP/6-31+G(d,p)). 
9-(Dibromomethylidene)fluorene (55) was synthesized using dibromoolefination 
conditions to act as a potential phenanthryne precursor.  The reaction involves the treatment of 
9-fluorenone (2) with carbon tetrabromide (CBr4) and triphenylphosphine (PPh3) in DCM 
(Scheme 20).49  This compound can act as a precursor to carbene 54, which can theoretically 
rearrange to 11.  There was also the question of whether 55 itself could act as phenanthryne 





Scheme 20.  Dibromoolefination of 9-fluorenone (2). 
 The first route to generating 11 involved treatment of 55 with n-BuLi in the presence of 
trimethylsilyl chloride (TMSCl) to afford 56, which has not been previously reported (Scheme 
21).  It was identified via 1H NMR through correlation with predicted chemical shifts calculated in 
Spartan 08.50  The replacement of a bromine with a TMS group provides a substituent that can 
easily undergo nucleophilic attack by a fluoride.  Isolation of pure 56 proved difficult because 
separation of the crude product mixture containing 56 by column chromatography was 
challenging.  Analysis of column fractions via 1H NMR indicated the presence of 56, but also 
resonances which correspond to the reported NMR51 of the monobromo-compound 57 in a 1.5:1 
ratio, respectively.  In attempt to get a better yield, the equivalents of n-BuLi were increased and 
various temperatures were used, however only mixtures of 56 and 57 were obtained. 
 
Scheme 21.  Silylation of 55. 
 The crude reaction mixture of 56 and 57 was utilized to determine if a fluoride-induced 
elimination pathway could lead to 11.  Although 56 was not pure, the goal was to investigate if 
any conversion to 11 occurred to react with a trapping agent.  Fluoride sources tested were 
CsF, TBAF, and KF with 18-crown-6.  In these experiments, KF provided the most promising 
results.  The crude mixture was heated in THF in the presence of KF and 18-crown-6, with 17 
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as a trapping agent (Scheme 22).  Analysis via 1H NMR displayed 56, 57, 17, and very minor 
peaks within the baseline which correspond to the predicted resonances calculated using DFT 
at B3LYP/6-31G* level for the desired product 58.  The yield was too low to deem this reaction 
efficient in phenanthryne generation.  Variations of temperature, concentration, time, and order 
of addition were explored, but no major improvements were observed.  Further purification of 56 
could lead to enhanced reactivity, however with the results obtained, the fluoride-induced 
elimination of crude 56 is not a promising route for phenanthryne generation. 
 
Scheme 22.  Fluoride-induced elimination of 56 and 57 mixture. 
Direct use of 55 as a phenanthryne precursor was investigated.  Previous reports of 
using magnesium in the presence of dihaloarenes to generate arynes have been efficient,33-34 
so similar conditions were applied to 55.  This Grignard type reaction could produce a carbenoid 
which could rearrange to 11.  A stirring suspension of magnesium in refluxing THF was treated 
with 55.  After 90 minutes, workup afforded a bright red solid which was highly insoluble 
(Scheme 23).  The proposed structure of the product was biphenylene derivative 59 due to its 
intense color, insolubility, mass spectrometry (MS) results, and calculated 1H NMR spectrum 
obtained from DFT using B3LYP/6-31G(d).  Attempts at obtaining a 13C NMR were unsuccessful 




Scheme 23.  Grignard reaction of 55. 
 Tetrabenzobiphenylene (59) has been reported to be unstable,43 so to prove this was the 
compound isolated, further analysis was done.  The 1H NMR chemical shifts corresponded to 
the calculated spectrum, along with the MS value of 352.1 m/z.  A UV/vis analysis displayed a 
spectrum which did not match the predicted maximum absorbance values of 335 m and 419 m, 
but instead showed them as more red shifted.  This discredited the proposed structure, 
therefore other possibilities were explored.  The red substance was identified as cumulene 60 
which has been described previously.24, 52  This compound has the same mass value and a 
similar 1H NMR splitting pattern to 59.  The previously reported 1H NMR of 60 is an exact match 
to the isolated product, and it is described as a red, very insoluble solid.24, 52  With these results, 
it can be concluded the Grignard route for phenanthryne formation is not efficient due to rapid 




Scheme 24.  Synthesis of cumulene 60. 
Conclusions 
 Microwave flash pyrolysis provides a general route for aryne generation.  The Diels-
Alder reaction between arynes and the bay region of various PAHs can be applied to the 
synthesis of larger PAH derivatives.  Phthalic anhydride (14) was utilized as a benzyne 
precursor, while the anhydride 10 was utilized as a phenanthryne precursor.  MFP reactions of 
biphenyl (47) and dibenzo[g,p]chrysene (1) with 9,10-dicarboxyphenanthrene anhydride (10) 
displayed compounds 1 and 7, respectively.  This signifies MFP conditions are useful for aryne 
generation.  Further optimization of these reactions could lead to higher conversion to Diels-
Alder products, serving as a useful route to polycyclic aromatics.  In search of a precursor which 
generates phenanthryne under more mild conditions, the attempted synthesis of 56 was done, 
which has the potential to be used in fluoride-induced elimination, however the reaction requires 
further optimization and purification.  An alternative precursor for fluoride-induced elimination 
could be explored if the bromine of 56 was replaced with a triflate.  TMS/triflate substituted 
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arenes have proven to be efficient in aryne generation.  It was discovered that under Grignard 
conditions, 55 does not generate phenanthryne, but instead the carbenoid dimerizes to form a 
cumulene (60).  Alternative phenanthryne precursors might be investigated.  
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Chapter II.  Pinacol-Pinacolone Stone-Wales Sequence 
Introduction 
Pinacol Coupling and Pinacol Rearrangement 
 Pinacol coupling has been widely studied by researchers since 1859 when Fittig 
described the coupling of acetone using sodium.53-54  The reaction involves forming a carbon-
carbon bond between carbonyl compounds to generate 1,2-diols.  The commonly accepted 
mechanism proceeds through radical-radical coupling (Scheme 25).  The efficiency of the 
coupling depends on reaction conditions, such as what type of metal is used, temperature, time, 
and concentration.  Commonly used metals are zinc,55-58 aluminum,59-60 and magnesium61-63 due 
to their low cost and efficiency.  Other metals like titanium are highly efficient, but expensive and 
potentially lead to olefination.64-66  Pinacol coupling via photochemistry is also well known.67-68  
Certain pinacol coupling methods require anhydrous and inert reaction conditions because 
reagents needed are moisture and air sensitive.  Recently, a focus has been placed on 
improving the pinacol reaction by utilizing low cost metals, as well as  aqueous media which has 
economical and environmental advantages.61, 69-71  These 1,2-diols are useful precursors in a 
variety of other reactions involving ring expansions and rearrangements. 
 
Scheme 25.  General pinacol coupling mechanism. 
 Using a classic carbocation rearrangement approach, pinacolone synthesis is achieved 
by the acid-catalyzed loss of water and a 1,2-shift within a pinacol (Scheme 26).  Pinacolone 
formation can be catalyzed using acids such as H2SO4,
72-75 AcOH,76-77 p-TsOH,76, 78 and there 




78-79  The rearrangement is of interest in cyclic systems because instead of an alkyl group 
migration, the carbon of the ring migrates, leading to a ring expanded product.  This is useful for 
the synthesis of compounds such as spiroketones.   
 
Scheme 26.  Pinacol-pinacolone rearrangement. 
Stone-Wales Rearrangement of Polycyclic Aromatic Hydrocarbons 
 Alder and Whittaker reported the thermal rearrangement of 4 to 1 (Scheme 2) via a 
radical pathway in 1975.5  In 1986, Stone and Wales80 proposed the isomerization of fullerene 
molecules via a similar 1,2-carbon rotation of 90o.  This is an uncommon thermal rearrangement 
which transposes a two carbon fragment.  The best studied example studied in the literature is 
the rearrangement of pyracyclene (61) (Figure 5).80   
 
Figure 5.  Stone-Wales rearrangement of pyracyclene (61). 
The Stone-Wales rearrangement has been used to hypothetically describe fullerene 
synthesis,81-83 isomerization,84-89 as well as possible graphene precursor formation.90-94  The 
exact mechanism of this reaction is still under scrutiny, however several different pathways have 
been proposed.  Stone and Wales80 suggested the concerted reaction would involve a 4 
electron process to reach the transition state, which is a forbidden transformation according to 
orbital symmetry (Figure 6a).95  Scuseria et. al.  described a stepwise carbene, or sp3, 
mechanism, but calculations concluded the energy barriers were similar to the concerted 
pathway (Figure 6b).96-97  More recently, Karney et.al.98 reported a computational study that 
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suggests compounds that do not contain a pyracyclene moiety are more likely to follow the 
carbene mechanism, while those which do contain a pyracyclene moiety follow a stepwise 
mechanism by means of a cyclobutyl intermediate.  Although the computational results 
displayed lower energy barriers than what was previously reported, they are still high.  In search 
of lower energy barrier pathways, investigators have discovered this rearrangement can occur 
under radical-catalyzed99-101 and cationic conditions.5, 12   
 
Figure 6.  (A) Concerted and (B) stepwise Stone-Wales rearrangement pathways. 
 Previous work by Cahill12 supported a cationic pathway for the Stone-Wales 
rearrangement of 4 to 1.  This was first investigated with DFT using the B3LYP/6-31+G(d,p) 
level of theory (Figure 7).  It was found that the highest transition state barrier was 24.2 kcal/mol 
above the initial cation 62, which is much lower than the 43.8 kcal/mol barrier for the radical-
catalyzed pathway calculated by Alder and Harvey for the same transformation.100  This 




Figure 7.  Cationic Stone-Wales rearrangement towards DBC.
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 When 4 was treated with TfOH in DCE and heated in the microwave, Cahill reported a 
30% yield of 1 (Scheme 27).  This proves the cationic Stone-Wales rearrangement is feasible, 
however it is not an efficient route towards 1. 
 




 While the pinacol-pinacolone reaction and the Stone-Wales rearrangement have been 
widely studied, utilizing the three reactions together as a stepwise approach to polycyclic 
aromatic hydrocarbons has only been explored a few times.102-103  One goal of this research was 
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to utilize acid-catalyzed rearrangements under mild conditions to efficiently synthesize 1.  It was 
observed that the pinacol-pinacolone Stone-Wales (PPSW) sequence was a scalable and 
efficient route towards 1.  This synthetic route could then be applied to synthesize other PAHs 
from aromatic ketones. 
Results and Discussion 
Synthesis of Dibenzo[g,p]chrysene 
 Synthesis of 1 from 4 was previously studied in our group by Cahill12 using a cationic 
pathway under superacid conditions.104  The cationic oxidative cyclization of tetraphenylethylene 
(65) to 1 was also studied.  Using 3 equivalents of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone 
(DDQ) and 1.3 M TfOH in room temperature DCE for 4 hours, conversion to 1 was observed in 
a 58% yield (Scheme 28).  Although this reaction reported a higher yield than the cationic 
Stone-Wales route, the yield could still be improved, as well as exploring a more scalable 
synthetic route.   
 
Scheme 28.  Cationic oxidative cyclization of 65.
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 In search of a more efficient acid-catalyzed route towards 1, it has been reported that 9-
fluorenyl alcohols can rearrange to PAHs under acidic conditions.  Brown and Bluestein have 
reported the rearrangement of 9-fluorenylmethanol to 12 in high yield using Wagner-Meerwein 
rearrangement conditions.105  Yang et. al.  expanded this reaction to include benzofluorene 
methanols which rearrange to phenanthrene derivatives using phosphorus pentoxide (P2O5) in 




Scheme 29.  Wagner-Meerwein rearrangement of a fluorenyl alcohol (66).
106
 
 We explored the synthesis of 1 starting from a pinacol precursor.  Homocoupling of 2 
using zinc powder and zinc chloride (ZnCl2)
107 led to the formation of 9, 9’-bifluorenyl-9, 9’-diol 
(68) (Scheme 30). 
 
Scheme 30.  Pinacol coupling of 2. 
Reaction of 68 with P2O5 led to a mixture of products (Scheme 31).  Dehydration and 
pinacol rearrangement were observed.  This mixture also included the expected ketone from 
pinacol rearrangement, along with small amounts of 1. 
 
Scheme 31.  Wagner-Meerwein rearrangement of 68. 
 Sōda et. al. reported the synthesis of a DBC derivative from the pinacolone after 
reduction to the spirofused alcohol, followed by rearrangement (Scheme 32).108  Using this 
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technique, the pinacolone 3 could be isolated to explore if rearrangement to the parent DBC 
would occur. 
 
Scheme 32.  Synthesis of dibromo-substituted DBC.
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Free-energy calculations of this rearrangement pathway were investigated with DFT at 
B3LYP/6-31+G(d,p) level of theory.   As shown in Figure 8, the barrier for the transition state is 
7.9 kcal/mol, indicating a facile rearrangement. 
 
Figure 8.  Free –energies of the cationic rearrangement towards DBC (B3LYP/6-31+G(d,p)). 
This combined approach yielded an efficient and scalable route to 1 as shown in 
Scheme 33.  All of the synthetic steps give high yields, do not require harsh reaction conditions, 
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and can be scaled up, making this the most efficient pathway to 1, with an overall yield of 64%.  
In the largest scale reaction to date, 4 g of pinacol 68 yielded 2 g of DBC (1). 
 
Scheme 33.  Pinacol-pinacolone Stone-Wales route towards 1. 
Progress Towards Polycyclic Aromatic Hydrocarbons via PPSW Pathway 
 With these results in hand, the next question was whether the same pinacol-pinacolone 
Stone-Wales sequence would yield other polycyclic aromatics.  Following the same approach, 
these conditions were applied to 1-indanone (73).  The pinacol was not successfully isolated 
using the conditions for the coupling of 2, so another variation of the pinacol reaction was 
used.60  In the presence of aluminum powder, potassium hydroxide (KOH), and methanol 
(MeOH), 1-indanopinacol (74) was isolated in a 72% yield (Scheme 34). 
 
Scheme 34.  Synthesis of 1-indanopinacol (74). 
 Ourisson et. al.103 previously studied the rearrangement of 74 via treatment with m-
cresol and 2,4-dinitrosulfonic acid (2,4-DNSA) to yield pinacolone 75 (Scheme 35).  It should be 
noted that these are quite unusual reaction conditions.  The pinacolone 75 was reduced and the 
spirofused alcohol 76 was treated with acid at reflux to afford tetrahydrochrysene (77).  




Scheme 35.  Synthesis of chrysene from pinacol 74.
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Attempts to synthesize 75 using acetic acid (AcOH) and sulfuric acid (H2SO4) were not 
successful.  Cyclization of aromatic alcohols using polyphosphoric acid (PPA) has been studied 
in our group.  Using this approach, 74 was added to PPA and placed in a CEM microwave (MW) 
at 100 oC for 5 minutes.  After a work up and characterization via 1H NMR, both 75 and 
chrysene (78) were observed.  With these results, the next step was to determine if the reaction 
could be completed on a larger scale without the MW and to provide a higher conversion to 78.  
As shown in Scheme 36, 74 can rearrange to 78 in about a 10% yield.  An oxidation with DDQ 
is needed because after purification of the reaction, the column fraction containing 78 also 
contains the tetra- and dihydro-derivatives.  The yield of 78 could be improved by transforming 
75 to 78 using the PPSW conditions. 
 
Scheme 36.  Rearrangement of 74 using PPA. 
 To further explore if these conditions could be applied to other pinacol cyclizations, the 
reaction was also completed with 68 (Scheme 37).  Similar results were observed, where 3 and 
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1 were isolated in a 2:1 ratio respectively.  Although this is an interesting result and is another 
way to synthesize 1, the pinacol-pinacolone Stone-Wales sequence is a more efficient route for 
this pinacol. 
 
Scheme 37.  PPA reaction with 68. 
 Scheme 38 summarizes the strategy that developed in this work.  The Stone-Wales 
rearrangement can be thermal, or hydrogen radical catalyzed, as shown by Alder5, or cationic, 
as shown by Cahill.12  A synthetically efficient, but more complex route starts with a pinacol and 
proceeds by two consecutive aryl group migrations to cationic centers.  This sequence can be 
accomplished in one step (Scheme 37), but affords low yields.  A stepwise pathway (Scheme 
33) is longer, but higher yields are obtained.  This provides a scalable and efficient synthesis of 




Scheme 38.  Comparison of Stone-Wales and pinacol-pinacolone Stone-Wales sequence. 
Conclusions 
 The acid-catalyzed rearrangement of pinacols can be used as a facile and efficient route 
to synthesize certain PAHs which typically are expensive or difficult to isolate.  In particular, the 
pinacol-pinacolone Stone-Wales sequence can be applied to synthesize 1 in high yield without 
harsh reaction conditions.  Another pathway involves the rearrangement of pinacols using PPA, 
which can generate their pinacolone, as well as an aromatic hydrocarbon derivative, as seen 
with chrysene (78).  These reaction conditions are still under investigation to optimize the yield.  
Alternatively, the pinacolone could be easily separated, submitted to the conditions in the last 
two steps of the PPSW sequence, and produce the PAH.  Applying these pathways to various 




Chapter III.  Progress Towards Zethrene 
Introduction 
Synthesis of Zethrene and Zethrene Derivatives 
 Zethrene (79) is a PAH which gets its name from the fact its structure appears as a z-
shape.  Zethrenes are of interest due to their potential diradical character and for applications in 
non-linear optics, organic semiconductors, and near-infrared dyes.109-111  The center rings lack 
aromaticity, with fixed double bonds as in 79.  The diradical character (79a) suggests 
applications in organic electronics; however this substance is reported to be oxygen sensitive.  
Expanding along the m- or n-axis of 79 generates larger homologues such as heptazethrene 
(80) and 1,2:9,10-dibenzooctazethrene (81), which are also of interest (Figure 9). 
 
Figure 9.  Extension of 79. 
 Zethrene was first synthesized by Clar in 1955.112  More convenient cross-coupling 
routes were reported by Ipaktschi et. al.113 in 1968 and again by Sondheimer and Mitchell114 in 
1970 while both were attempting to synthesize tetradehydrodinaphtho[10]annulene (82).  
Annulene 82 is not stable and it undergoes transannular cyclization to 79 after hydrogen 
abstraction by an intermediate diradical.  In 2009, coupling of 1,8-diiodonaphthalene (83) and 
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1,8-bis(trimethylsilylethynyl)naphthalene (84) produced 82 as a pure compound which was 
characterized by Tobe et. al.111  After treatment with iodine, this undergoes transannular 
cyclization to zethrene derivative 85 (Scheme 39).  The majority of zethrene syntheses in the 
literature involve substitution at the bay region or peri-position because it enhances the stability, 
as well as solubility.  With this being said, reports of the synthesis of the parent zethrene 79 are 
scarce. 
 
Scheme 39.  Synthesis of zethrene derivative 85.
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 In 2010, Wu et. al.115 reported a metal-catalyzed annulation of halonaphthalenes to 
afford zethrene derivatives.  The reaction involves treatment of 1-iodo-8-
(phenylethynyl)naphthalene (86) with Pd(OAc)2, Ag2CO3, and ligand tri-(2-furyl)phosphine (TFP) 
in o-xylene to form phenyl-substituted zethrene 87 in 73% yield (Scheme 40).  These conditions 
were applied to various other iodoarenes to synthesize a collection of substituted zethrenes.115 
 





Another route towards zethrene derivatives was developed by Wu and Sun.116  This 
Stille cross-coupling of dihaloarene 88 and bis(tri-n-butylstannyl)acetylene (89) to form an 
annulene which undergoes transannular cyclization to afford dicarboximide-substituted zethrene 
90 (Scheme 41).  Substitution at the peri-position makes 90 a stable compound with interesting 
photophysical properties. 
 
Scheme 41.  Stille cross-coupling route for zethrene synthesis.
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Parent zethrene 79 was prepared by Miao et. al.117 using a Wittig-Heck pathway.  The 
bis(triphenylphosphonium) salt 91 undergoes a Wittig reaction with 8-bromo-1-naphthaldehyde 
(92) to yield dinaphthyl-derivative 94, which under Heck reaction conditions is treated with 
Pd(OAc)2 to generate 79 in 67-72% yield (Scheme 42).  Applying the Heck conditions from 
Scheme 42 to 83 and 1,8-divinylnaphthalene, 79 was isolated in only a 10% yield.  This same 
reaction failed with more typical Heck conditions which involve only a catalytic amount of 
palladium catalyst.  It was concluded that more than one equivalent of Pd(OAc)2 is required to 




Scheme 42.  Synthesis of 79 via a Wittig-Heck approach.
117
 
 Experimental and computational studies provide conflicting information on the biradical 
character of zethrenes.  Early theoretical calculations predict 79 and its substituted derivatives 
to be closed-shell.118-120  More recently, Wu et. al.121 report an experimental study which 
concludes 79 actually possesses singlet open-shell biradical character.  The study reports 
analysis via X-ray crystallography shows bond shortening and a slight enhancement in 
aromaticity of the center rings, along with electron spin resonance measurements showing 
signals characteristic of compounds with singlet open-shell biradical character.  The 
electrochemical and photophysical properties were also studied to further confirm the biradical 
character.  Analysis of substituted zethrenes and π-extended derivatives has also been 
reported. 
 Factors which influence if a zethrene derivative is open- or closed-shell are ring 
substituents and the extended π-conjugation.  Substitution at the bay region of 79 reportedly 
favors a closed-shell compound.121  By contrast, vertical or horizontal π-extension enhances the 
singlet open-shell biradical character of the molecule.119-124  These extended zethrenes have 
larger biradical character because aromaticity is being reestablished in the biradical resonance 
form (Figure 10).  In general, extending along the m- or n-axis of zethrene creates an increase 




Figure 10.  Open- versus closed-shell zethrenes. 
 Dibenzozethrene 94 exemplifies the impact substituents and π-extension have on the 
biradical properties of a molecule.  The biradical resonance form 94a contains three sextets, 
while parent 94 contains two.  The synthesis involves the nickel-catalyzed cyclodimerization of 
ethynyl-iodoanthracene analogs 95a and 95b (Scheme 43).121  The phenyl and TMS-substituted 
dibenzozethrenes (96a and 96b) display closed-shell character, while unsubstituted 94 is 
believed to be singlet open-shell.  Computational studies support these conclusions. 
 
Scheme 43.  Synthesis of dibenzozethrene derivatives.
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 Computational analysis can predict electronic character using biradical character indices 
as well as the relative energies of open and closed-shell compounds.  Wu et. al.121 
demonstrated using DFT at the CAM-B3LYP/6-31G** level, the open-shell biradical form of 94 is 
lower in energy than the closed-shell, which signifies the open-shell is more stable.  The same 
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is observed with 79, however the difference is not as great.  The biradical character indices 
display the same trend, supporting the conclusion that 79 and 94 are singlet open-shell 
biradicals.  Open-shell biradical character would make these compounds candidates for two-
photon absorption (TPA) which is very useful for nonlinear optical materials, near-infrared dyes, 
and organic photovotalics. 
Research Objective 
 There have been various reports of the successful synthesis of substituted zethrenes, 
however isolation of parent zethrene 79 has proven to be difficult.  Also, although zethrene 
derivatives can be obtained in moderate yields, the syntheses are typically long because of the 
requirement to prepare 1,10-disubstituted naphthalenes.  The goal of this research was to 
develop a facile, efficient, low cost synthetic pathway towards 79.  This would make 79 more 
readily available for studies in the field of nonlinear optics and near-infrared dyes.  Once 
optimized, the synthesis could be applied to generate larger homologues of 79, which have not 
received as much attention in the literature. 
Results and Discussion 
A Pinacol Precursor to Zethrene 
 The synthesis of 79 has proven to be difficult and has not been as widely reported as its 
substituted homologues.  In an attempt to avoid the use of metal catalysts or long synthetic 
procedures, alternative routes towards 79 were explored.  Another aspect to avoid from 
previously reported syntheses is using 82 as an intermediate.  The synthesis of 82 is not 
efficient and the compound itself is not very stable, so developing a synthesis without it is 
desired.  The first step in most reported syntheses of 79 and its derivatives involves various 
coupling reactions of naphthalene compounds using metal catalysis, however there are other 
coupling reactions that have not yet been investigated. 
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Following our successful synthesis of dibenzo[g,p]chrysene (1) via the pinacol-
pinacolone Stone-Wales sequence, the same process can provide a plausible route to 79.  The 
synthesis would involve the pinacol coupling reaction of readily available 1-acenaphthenone 
(97), followed by a pinacol rearrangement, reduction, and acid-catalyzed rearrangement to 101, 
followed by aromatization (Scheme 44).   
 
Scheme 44.  Proposed synthetic pathway towards 79. 
Efficient pinacol coupling of 97 proved to be elusive.  The previous conditions used for 2 
and 73 were unsuccessful, as were various other methods such as Mg/MgI2,
125 sonication,62 and 
photochemical coupling.126  Applying pinacol coupling conditions reported by Li et. al.127 using 





Scheme 45.  Pinacol coupling of 97. 
To determine if the pinacol-pinacolone Stone-Wales sequence was feasible for 98, 
calculations for the pinacol rearrangement were completed.  The computations were done with 
DFT at the B3LYP/6-31+G(d,p) level.  The calculations show the free-energies, where the 
barrier for the transition state is 17.5 kcal/mol (Figure 11).  This barrier is not high; however this 
is larger than what was observed for the rearrangement of 68 which underwent a facile 




Figure 11.  Free-energies of the cationic rearrangement of 98. 
The next step was the synthesis of 99.  Typical conditions using AcOH and H2SO4 were 
applied for pinacol rearrangement of 98, however the desired product was not observed and 
instead a very dark, insoluble solid was isolated (Scheme 46).  The Wagner-Meerwein 
rearrangement conditions with P2O5 were applied and 98 was observed in 
1H NMR, but 
purification by column chromatography was unsuccessful because of oligomerization (Scheme 
46).  Attempts to alter both reaction routes in Scheme 46 for the formation of 99 did not provide 
any improvements in isolating pure product.  Although the pinacol-pinacolone Stone-Wales was 
very successful for the synthesis of 1, the conditions need to be altered and optimized for 




Scheme 46.  Pinacol rearrangement of 98. 
 As this project neared completion, polyphosphoric acid catalyzed reactions were further 
explored in our research group.  PPA cyclization of 74 to 78 was observed.  Pinacol 98 was 
treated with PPA in the MW at 100 oC for 5 minutes (Scheme 47).  Analysis via 1H NMR 
displayed 97, 99, and peaks which correspond to 79 in a 1:1:1.5 ratio respectively, however 
many impurities were also observed.  The presence of 79 within the 1H NMR was identified by 
comparing to the reported spectrum.115  The reaction was run on a small scale and the yield was 
so low that the crude product mixture was not submitted to further purification.  Further 




Scheme 47.  Microwave PPA reaction with 98. 
Route Towards Zethrene: An Acylation Approach 
 Previously reported syntheses of 79 involve coupling of substituted naphthalenes.  There 
have not been reports of coupling naphthalene (46) with some type of linker.  It was predicted 
that acylation of 46 could lead to a precursor to 79.  The acylated compound 104 could undergo 
acid-catalyzed cyclization to enedione 105, followed by reduction to dihydrozethrene 101, and 
lastly aromatization leading to 79 (Figure 12). 
 
Figure 12.  General proposed route towards 79. 
The Friedel-Crafts reaction is one of the most common acylation pathways.  Kong et. 
al.128 reported the sodium sulfinate mediated coupling of 2-bromo-1’-acetonaphthone (106) to 
generate acylated compound 104 in a 54% yield (Scheme 48).  Due to the fact 106 is expensive 
and the sodium sulfinate mediated route only gave a moderate yield, the Friedel-Crafts acylation 




Scheme 48.  Sodium sulfinate mediated route towards 104.
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 In order to synthesize 104 using a Friedel-Crafts approach, an acyl chloride needed to 
be chosen.  Fumaryl chloride (107) contains two acyl chloride moieties, allowing for the reaction 
to occur for two naphthalene units at once.  Naphthalene 46 and 107 were treated with 
aluminum chloride (AlCl3) in DCE to yield a crude reaction mixture containing starting material, 
1,1-isomer 104, and a substance believed to be the 1,2-isomer 108.  This was tentatively 
identified by comparison to the predicted 1H NMR using Spartan ’08.  This may be formed from 
isomerization of 104 (Scheme 49).  Various other Lewis acids, temperatures, reaction times, 
and orders of addition were tested, however the conditions in Scheme 49 provided the best 
results.  The issue with this reaction is the synthesis of the two isomers of the acylated 
compound.  Both are observed under all reaction conditions and did not separate via column 
chromatography.  A cyclization of the isomer mixture was attempted using iron (III) chloride 





Scheme 49.  Friedel-Crafts acylation of 46. 
 Going back to Kong’s synthesis of 104, the sodium sulfinate mediated approach was 
investigated.  The first route involved bromination of 1-acetonaphthone (109) using liquid 
bromine (Br2) in AcOH or Et2O,
129 however a mixture of 106, the dibromoketone 110, and 
starting material were observed in a 11:1:1 ratio respectively (Scheme 50).  Separation of the 
starting material from the brominated compounds was not difficult, but isolating pure 106 from 
110 was unsuccessful.  Another route involved bromination using N-bromosuccinimide and 
pTsOH in acetonitrile (MeCN),130 where 106 and 110 were observed in a 2:1 ratio via 1H NMR 
(Scheme 50).  Again, obtaining a pure sample of 106 proved elusive.  Altering the reaction 




Scheme 50.  Attempted bromination routes of 109. 
 The bromination pathways require optimization before proceeding to the sodium 
sulfinate mediated coupling.  Attempts of submitting the crude mixtures to the coupling 
conditions only provided complex product mixtures.  This reaction route does show promise due 
to the reported synthesis of 104, however more work needs to be done. 
Conclusions 
 In this research, two routes were explored for the synthesis of the elusive hydrocarbon 
zethrene (79).  The first route involved our pinacol-pinacolone Stone-Wales method.  To start, 
the pinacol coupling of 1-acenaphthenone was studied.  This proceeded in only modest (31%) 
yield.  The anticipated pinacol rearrangement (Scheme 46) was inefficient as the pinacolone 
was difficult to isolate.  In search of an alternative approach, a brief investigation of the 
cyclization of 98 in PPA provided a low yield of 79; this route needs to be further explored.  The 
second route involved formation of an acylated naphthalene compound which would undergo 
cyclization.  This began with a Friedel-Crafts acylation of naphthalene (46) with fumaryl chloride 
(107) to provide a mixture of acylated naphthalenes 104 and 108, where 108 may be due to 
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isomerization of 104.  The separation of isomers by chromatography proved inefficient.  Another 
acylation pathway used a sodium sulfinate mediated coupling of α-bromoketone 106 to acylated 
compound 104, which was previously isolated in a 54% yield.128 Several approaches to isolate 
106 proved unsuccessful because both mono- and dibromination occurred.  The bromination 
conditions need to be optimized and applied to the synthesis of enedione 104, which can 
potentially be cyclized (Figure 12).131  Once optimized, these conditions can potentially be 






Chapter IV.  Experimental 
General Experimental Section 
Solvents 
 Anhydrous solvents [diethyl ether, dichloromethane (DCM), tetrahydrofuran (THF), 
toluene, and dimethylformamide (DMF)], passed through drying agent with nitrogen pressure, 
were obtained from an Innovative Technology, Inc. Solvent Delivery System prior to use and 
stored over 4 Å molecular sieves. Other solvents, including 1,2-dichloroethane (DCE), hexanes, 
ethyl acetate, benzene, and methanol were purchased from EMD Serono, Inc. or Pharmco-
AAPER. 
Reagents 
 All reagents were received from commercial sources and were used as received unless 
otherwise noted. Reagents were obtained from the following sources: Fisher Scientific (Acros), 
Alfa Aesar, TCI America, Sigma-Aldrich, and Cambridge Isotope Laboratories. Note: Many of 
the polycyclic aromatic hydrocarbons used here have some level of carcinogenicity. All 
reactions were carefully conducted in a hood to limit exposure. 
Reactions 
 Glassware and magnetic stir bars were dried in an oven at 75 oC prior to use. Sigma-
Aldrich natural rubber septa were used. Unless otherwise noted, nitrogen gas was introduced to 
the reaction vessel through a Tygon® tube with a needle or glass inlet adapter. Henke Sass 
Wolf Norm-ject® plastic syringes were used for volumetric addition of reagents with oven-dried 





 Flash column chromatography was performed with Silicycle SiliaFlash P60 Flash Silica 
Gel or with a Teledyne Isco CombiFlash Rf 200 purification system. Purifications using 
CombiFlash Rf used RediSep® pre-packed silica gel columns (20-70 µm particle size). 
Preparative chromatography was completed with Analtech Uniplate Silica Gel GF 100 micron 
UV 254 glass-backed plates. Thin Layer Chromatography (TLC) analysis used Whatman 
polyester-backed Silica Gel, 60 Å, 250 µm thickness, on flexible plates with a fluorescent 
indicator. Mobile phases were prepared per-use as described in the detailed experimental 
section. 
Instrumentation 
 Nuclear Magnetic Resonance (NMR) spectra were measured on a Varian Mercury Plus 
400 FT-NMR operating at 400 MHz for 1H and 100 MHz for 13C spectroscopy.  Deuterated 
solvents for NMR analysis were purchased from Cambridge Isotope Laboratory and stored over 
4 Å molecular sieves. All 1H resonances were reported relative to an internal standard 
tetramethylsilane (TMS, δ 0 ppm), unless otherwise noted.   Microwave-assisted reactions were 
conducted in a CEM Discover single-mode microwave reactor in capped 10 mL or 35 mL 
vessels. Matrix assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-
TOF-MS) was performed on a Shimadzu Kratos Axima-CFR running in reflection mode. 
Detailed Experimental Section 
Chapter I 
General Procedure for MFP. 
The substrate (0.05 g) and phthalic anhydride (14) (0.034 g, 0.23 mmol) were combined with 
graphite (ca. 0.25 g) in a quartz tube.  Glass wool was placed above the mixture and the quartz 
tube was inserted into a Pyrex tube where it was purged with nitrogen and capped.  The 
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reaction mixture was heated in a MW reactor at a constant power.  Reaction time was typically 
30 s to 1 min, but depended on how fast the reaction mixture reached the MW temperature limit 
(300 oC).  The crude product mixture was extracted with CDCl3 and filtered through a small 
silica plug before being characterized by 1H NMR. 
Microwave Flash Pyrolysis of Perylene (13) and Phthalic Anhydride (14). 
Compound 13 (54 mg, 0.21 mmol) and 14 (34 mg, 0.23 mmol) were mixed with graphite (0.25 
g) and reacted following the general MFP procedure at 150 W for 1 minute.  Analysis via 1H 
NMR indicated 13 and 1,12-phenyleneperylene (16) in a 2:1 ratio.  The crude product was 
concentrated under vacuum to a yellow solid (34 mg, 63% recovery). 
Microwave Flash Pyrolysis of Phenanthrene (12) and Phthalic Anhydride (14). 
Compound 12 (51 mg, 0.28 mmol) and 14 (51 mg, 0.34 mmol) were mixed with graphite (0.25 
g) and reacted following the general MFP procedure at 150 W for 50 s.  Analysis via 1H NMR 
indicated 12 (95%) and benzo[e]pyrene (5%).  The crude product was concentrated under 
vacuum to a light yellow solid (26 mg, 51% recovery). 
Microwave Flash Pyrolysis of Phenanthrene (12) and Maleic Anhydride (49). 
Compound 12 (52 mg, 0.28 mmol) and maleic anhydride (56 mg, 0.56 mmol) were mixed with 
graphite (0.24 g) and reacted following the general MFP procedure at 300 W for 30 s.  The 
reaction vessel was allowed to cool and again, the general MFP procedure was followed at 300 
W for 30 s.  Analysis via 1H NMR indicated 12 (98%) and pyrene (8, 2%).  The crude product 
was concentrated under vacuum to a light yellow solid (17 mg, 33% recovery). 
Photochemical Reaction of Diphenylmaleic Anhydride (50).42 
Diphenylmaleic anhydride (50) (1.01 g, 3.9 mmol) and iodine (4.1 mg, 15.9 mmol) were 
dissolved in acetone (60 mL) in a Pyrex tube.  The tube was inserted into a photochemical 
reactor with 300 nm lamps for 4 days.  A yellow solid precipitated which was collected via 
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vacuum filtration (0.251 g, 26% yield).  1H NMR (400 MHz, DMSO-d6) δ 9.13 – 9.07 (m, 2H), 
8.89 – 8.83 (m, 2H), 8.07 – 7.93 (m, 4H). 
Microwave Flash Pyrolysis of Biphenyl (47) and 9,10-Dicarboxyphenanthrene Anhydride 
(10). 
Compound 47 (0.301 g, 1.9 mmol) and 9,10-dicarboxyphenanthrene anhydride (10) (0.105 g, 
4.2 mmol) were mixed with graphite (0.29 g) and reacted following the general MFP procedure 
at 300 W for 1 minute.  Analysis via 1H NMR indicated 47, phenanthrene (12), and 
dibenzo[g,p]chrysene (1) in a 2:5:1 ratio respectively.  The crude product was concentrated 
under vacuum to an off-white solid (0.01 g, 3.5 % recovery). 
Microwave Flash Pyrolysis of Dibenzo[g,p]chrysene (1) and 9,10-Dicarboxyphenanthrene 
Anhydride (10). 
Compound 1 (20 mg, 0.061 mmol) and 10 (23 mg, 0.091 mmol) were mixed with graphite (0.12 
g) and reacted following the general MFP procedure at 100 W for 1 minute.  Analysis via 1H 
NMR indicated 1, phenanthrene (12), and hexabenzo[a,c,fg,j,l,op]tetracene (7) in a 20:1.5:1 
ratio respectively.  The crude product was concentrated under vacuum to an off-white solid (12 
mg, 60% recovery).  The crude product was analyzed by MALDI-TOF-MS, confirming the 
presence of hexabenzotetracene (7, m/z = 501.4), as well as DBC (1, m/z = 328.5) and higher 
oligomers (m/z = 627.2). 
Dibromoolefination of 9-Fluorenone (2). 
9-Fluorenone (2) (1.05 g, 5.8 mmol) and carbon tetrabromide (3.41 g, 10.2 mmol) were added 
to an oven dried 250 mL round bottom flask.  Dry dichloromethane (50 mL) was added.  
Triphenylphosphine (5.36 g, 20.4 mmol) was added portionwise and the reaction was stirred at 
room temperature for 24 hours.  Hexanes (100 mL) was added and the mixture was filtered 
through a silica pad and concentrated to a yellow solid.  The crude product was purified via 
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CombiFlash with hexanes to yield 55 as a light yellow solid (1.82 g, m.p. 119-121 oC, lit. 122-
123 oC, 96% yield).  1H NMR (400MHz, CDCl3) δ 8.62 (d, 2H), 7.69 (d, 2H), 7.42 (t, 2H), 7.30 
(td, 2H). 
Silylation of 9-(Dibromomethylidene)fluorene (55). 
Compound 55 (0.801 g, 2.4 mmol) was added to an oven dried 250 mL round bottom flask and 
purged with nitrogen.  Anhydrous THF (80 mL) was added via syringe.  The flask placed in a dry 
ice bath (-78 oC) and 2.5 M n-BuLi in hexanes (1.0 mL, 2.5 mmol) was added slowly via syringe.  
After stirring under nitrogen for 40 minutes, TMSCl (1.2 mL, 9.5 mmol) was added slowly via 
syringe and the solution was stirred at room temperature for 24 hours.  Sat. aq. NaHCO3 (80 
mL) was added and reaction extracted with ethyl acetate (3 x 30 mL).  The combined extracts 
were dried over Na2SO4 and concentrated to an orange solid.  The crude product was purified 
via column chromatography using silica and hexanes as an eluent to yield a yellow solid (0.182 
g).  Analysis via 1H NMR indicated desired product 56 by correlation with predicted chemical 
shifts, however 57  was also present in a 1.5:1 ratio.  Compound 57 was identified from the 
reported 1H NMR.51 
Fluoride-Induced Elimination for Phenanthryne Formation. 
Potassium fluoride (0.075 g, 1.25 mmol), 18-crown-6 (0.341 g, 1.25 mmol), and anthracene 
(0.095 g, 0.52 mmol) were added to an oven dried 25 mL round bottom flask which was purged 
with nitrogen.  Anhydrous THF (2 mL) was added via syringe and the flask placed in ice bath.  
The crude mixture of 56 and 57 (0.182 g) was dissolved in anhydrous THF (0.5 mL) and added 
to the flask via syringe.  The solution was stirred at room temperature for 15 hours.  Water (15 
mL) was added to the reaction which was then extracted with dichloromethane (3 x 15 mL).  
The combined extracts were dried over Na2SO4 and concentrated to a yellow residue (0.440 g).  
Analysis via 1H NMR displayed starting material with very minor peaks which correspond to the 
predicted chemical shifts of Diels-Alder product 58 in the baseline. 
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Grignard Reaction of 9-(Dibromomethylidene)fluorene. 
Magnesium turnings (44 mg, 1.7 mmol) ground with a mortar and pestle were transferred to an 
oven dried 25 mL two-neck round bottom flask and purged with nitrogen.  Anhydrous THF (2 
mL) was added and the solution was brought to reflux.  9-(Dibromomethylidene)fluorene (55) 
(0.513 g, 1.49 mmol) dissolved in anhydrous THF (2 mL) was added dropwise via an addition 
funnel and the reaction was stirred at reflux for 90 minutes.  After cooling to room temperature, 
10% aq. HCl (10 mL) was added and the reaction was extracted with dichloromethane (4 x 20 
mL).  The combined extracts were dried over Na2SO4 and concentrated to yield 60 as a red 
solid (0.364 g, 69% yield).  The product was analyzed by MALDI-TOF-MS, which showed m/z = 
352.1.  1H NMR (400 MHz, CDCl3) δ 7.86-7.84 (m, 4 H), 7.72-7.70 (m, 4H), 7.42-7.36 (8 H). 
Chapter II 
Synthesis of 9,9’-Bifluorenyl-9,9’-diol (68). 
9-Fluorenone (2) (1.03 g, 5.70 mmol) and 50% aq. THF (10 mL) were added to a 250 mL round 
bottom flask, followed by zinc chloride (1.07 g, 7.80 mmol).  The reaction flask was placed into a 
water bath and zinc powder (5.0 g, 0.076 mol) was added portionwise over 5 minutes.  The 
reaction was stirred for 1 hour under nitrogen.  3M HCl (5 mL) was added and the reaction 
stirred for 20 minutes, where it was then filtered to remove the residual zinc, which was rinsed 
with toluene, followed by water.  The filtrate was extracted with toluene (4 x 10 mL) and the 
combined organics were dried over MgSO4.  The solution was filtered and concentrated to yield 
a white solid (0.82 g, m.p. 180-183 oC, lit. 190-192 oC, 83% yield).  1H NMR (400 MHz, CDCl3) δ 
7.39-7.37 (m, 5H), 7.27-7.26 (m, 6H), 7.07 (m, 5H), 3.16 (s, 2H). 
Pinacol Rearrangement to Form Spiro[9H-fluorene-9,9'(10'H)-phenanthren]-10'-one (3). 
9,9’-Bifluorenyl-9,9’-diol 68 (0.79 g, 0.0022 mol) was put in a 250 mL round bottom flask.  
Concentrated sulfuric acid (0.1 mL) and acetic acid (10 mL) were added to the reaction flask.  
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The solution was stirred at reflux for 30 minutes.  After cooling to room temperature, a white 
solid formed which was isolated by vacuum filtration (0.66 g, m.p. 248-252 oC, lit 256-258 oC, 
88% yield).  1H NMR (400 MHz, CDCl3) δ 8.20 (d, 1H), 8.10 (d, 1H), 7.99 (dd, 1H), 7.82-7.75 (m, 
3H), 7.45 (td, 1H), 7.41-7.34 (m, 3H), 7.18 (td, 2H), 7.10-7.02 (m, 3H), 6.62 (dd, 1H). 
Synthesis of Spiro[9H-fluorene-9,9'(10'H)-phenanthren]-10'-ol (72). 
Compound 3 (0.94 g, 2.6 mmol) was dissolved in THF (15 mL) and water (0.5 mL) in a 50 mL 
round bottom flask.  Sodium borohydride (0.22 g, 5.8 mmol) was added slowly.  The solution 
was stirred at reflux under nitrogen for 90 minutes.  After cooling to room temperature, water 
was added (15 mL) and the solution was stirred for 5 minutes.  The reaction was extracted with 
dichloromethane (3 x 10 mL) and the combined extracts were dried over Na2SO4 and 
concentrated to a white solid (0.87 g, m.p. 164-167 oC, lit. 174-175 oC,132 92% yield).  1H NMR 
(400 MHz, CDCl3) δ 7.94 (td, 2H), 7.79 (dt, 1H), 7.74 (dt, 1H), 7.53-7.49 (m, 2H), 7.44-7.19 (m, 
7H), 7.02 (dtd, 2H), 6.80 (d, 1H), 6.67 (dd, 1H), 5.31 (d, 1H). 
Synthesis of Dibenzochrysene (1). 
Compound 72 (1.97 g, 5.7 mmol) and toluene (50 mL) were added to a 250 mL round bottom 
flask.  p-Toluenesulfonic acid (2.98 g, 17.3 mmol) was added to the reaction mixture, and it was 
stirred at reflux under nitrogen for 90 minutes.  After cooling to room temperature, water (5 mL) 
was added, and the reaction solution was extracted with toluene (4 x 15 mL).  The combined 
extracts were dried over Na2SO4.  The crude product showed very minor impurities and was 
recrystallized in ethanol to yield a white solid (1.38 g, m.p. 216-217 oC, lit. 218 oC, 74% yield).  
1H NMR (400 MHz, CDCl3) δ 8.73 – 8.67 (m, 8H), 7.66 (dddd, 8H). 
Pinacol Coupling of 1-Indanone (73). 
1-Indanone (73) (0.51 g, 3.8 mmol), potassium hydroxide (1.91 g, 34.0 mmol), and methanol (10 
mL) were added to a 25 mL round bottom flask.  The solution was stirred while aluminum 
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powder (0.31 g, 11.5 mmol) was added slowly.  The flask was placed in a water bath where it 
stirred under nitrogen for 20 hours.  The solution was filtered to remove excess aluminum and 
water (25 mL) was added to the filtrate.  A solid formed which was filtered off and the filtrate was 
extracted with dichloromethane (3 x 15 mL).  The combined extracts were dried over MgSO4 
and concentrated to a white solid (0.36 g, m.p. 139-142 oC, lit. 154-156 oC, 72% yield).  1H NMR 
(400 MHz, CDCl3) δ 7.82-7.80 (m, 1H), 7.31-7.21 (m, 6H), 7.14-7.12 (d, 1H), 3.09-3.01 (m, 2H), 
2.98 (s, 2H), 1.97-1.93 (td, 4H). 
Reaction of 1-Indanopinacol (74) in PPA. 
PPA (18 mL) were added to an oven dried 100 mL round bottom flask.  The flask was heated in 
an sand bath to 120 oC with stirring.  Pinacol 74 (1.20 g, 4.5 mmol) was added to the flask and 
the reaction was heated to 180 oC under nitrogen.  After 45 minutes, the reaction was cooled to 
room temperature, quenched with sat. aq. NaHCO3, and extracted with ethyl acetate (5 x 40 
mL).  The combined extracts were dried over Na2SO4.  The crude material was purified via 
CombiFlash with 100% hexanes to yield a light yellow/orange solid (0.903 g).  Analysis via 1H 
NMR displays a mixture of chrysene (78), dihydrochrysene, and tetrahydrochrysene in a 1:3.5:2 
ratio, respectively. 
 The crude mixture (0.091 g) was dissolved in benzene (5.5 mL) and purged with 
nitrogen.  2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ, 0.17 g, 0.78 mmol) was added and 
the mixture was stirred at reflux for 20 h.  The reaction mixture was concentrated under vacuum 
and filtered through a silica plug with hexanes to yield chrysene (78) as an off-white solid (0.086 
g, 8.4% overall yield).  1H NMR (400 MHz, CDCl3) δ 8.80-8.78 (d, 2H), 8.74-8.7 (d, 2H), 8.02-
7.98 (dd, 4H), 7.73-7.69 (t, 2H), 7.66-7.62 (t, 2H). 
Reaction of 9,9’-Bifluorenyl-9,9’-diol (68) in PPA. 
Pinacol 68 (0.104 g, 0.29 mmol) and PPA (4 mL) were added to an oven dried 35 mL quartz 
MW tube.  The viscous mixture was stirred with a glass stir rod to evenly disperse solid and the 
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quartz tube was placed in a Pyrex tube.  The reaction vessel was purged with nitrogen, capped, 
and heated in the MW reactor at 100 oC for 5 minutes.  Once cool, the reaction was quenched 
with sat. aq. NaHCO3 and extracted with ethyl acetate (4 x 15 mL).  The combined extracts were 
dried over Na2SO4 and concentrated to a tan solid (0.067 g).  Analysis via 
1H NMR displayed a 
mixture of pinacolone (3) and dibenzo[g,p]chrysene (1) in a 2:1 ratio. 
Chapter III 
Synthesis of Acenaphthenopinacol (98). 
An oven dried 50 mL 2-neck round bottom flask was charged with dry ethyl acetate (7 mL) and 
titanium tetrachloride (0.4 mL, 3.7 mmol).  The flask was placed in an ice water bath and 
magnesium turnings (0.23 g, 8.9 mmol) were added.  The flask was purged with nitrogen and 
allowed to warm to room temperature.  1-Acenaphthenone (97) (0.25 g, 1.5 mmol) dissolved in 
dry ethyl acetate (1 mL) was added via syringe.  After 90 minutes, 10% aq. potassium 
carbonate (15 mL) was added to quench.  A solid formed which was filtered off and the filtrate 
was extracted with ethyl acetate (3 x 15 mL).  The combined organics were washed with sat. aq. 
NaHCO3 and brine respectively and dried over MgSO4.  The crude material was purified via 
CombiFlash with 10% EtOAc:hexanes to yield a white solid (0.079 g, 31% yield). 1H NMR(400 
MHz, CDCl3) δ 7.98-7.96 (d, 2H), 7.82-7.80 (d, 2H), 7.67-7.65 (d, 2H), 7.62-7.58 (t, 2H), 7.43-
7.40 (dd, 2H), 7.06-7.04 (d, 2H), 3.48 (s, 2H), 3.13-3.03 (d, 2H), 2.92-2.87 (d, 2H). 
Reaction of Acenaphthenopinacol (98) in PPA. 
Pinacol 98 (0.068 g, 0.201 mmol) and PPA (2.1 mL) were added to an oven dried 35 mL quartz 
MW tube.  The viscous mixture was stirred with a glass stir rod to evenly disperse solid and the 
quartz tube was placed in a Pyrex tube.  The reaction vessel was purged with nitrogen, capped, 
and heated in the MW reactor at 100 oC for 5 minutes.  Once cool, the reaction was quenched 
with sat. aq. NaHCO3 and extracted with ethyl acetate (3 x 20 mL).  The combined organics 
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were dried over Na2SO4 and concentrated to a dark orange/red solid (0.036 g).  Analysis via 
1H 
NMR displayed a mixture of 1-acenaphthenone (97), pinacolone 99, and zethrene (79) in a 
1:1:1.5 ratio, as well as oligomers. 
Friedel-Crafts Acylation of Naphthalene. 
Aluminum chloride (1.03 g, 7.6 mmol) and DCE (50 mL) added to oven dried 250 mL round 
bottom flask.  The flask was purged with nitrogen and placed in an ice bath.  Fumaryl chloride 
(107) (0.45 mL, 4.2 mmol) was added via syringe and the solution was stirred for 10 min.  
Naphthalene (46) (1.07 g, 8.2 mmol) was added and the reaction was stirred at room 
temperature for 24 hours.  Water (150 mL) was added and the mixture was diluted with DCE (50 
mL).  The organics were washed with 2 M HCl (2 x 25 mL), dried over Na2SO4, and 
concentrated to dark brown residue.  The crude material was purified via CombiFlash with 5% 
EtOAc:hexanes to yield a pale yellow solid (0.15 g).  Analysis via 1H NMR indicated the 1,1’-




List of References 
(1) Tokito, S.; Noda, K.; Fujikawa, H.; Taga, Y.; Kimura, M.; Shimada, K.; Sawaki, Y. Highly 
efficient blue-green emission from organic light-emitting diodes using dibenzochrysene 
derivatives. Appl. Phys. Lett. 2000, 77, 160-162. 
(2) Mori, T.; Fujita, K.; Kimura, M. Fabrication of Organic Thin-Film Transistor Using Soluble 
Dibenzochrysene. J. Photopolym. Sci. Technol. 2010, 23, 317-322. 
(3) Chaudhuri, R.; Hsu, M.-Y.; Li, C.-W.; Wang, C.-I.; Chen, C.-J.; Lai, C. K.; Chen, L.-Y.; 
Liu, S.-H.; Wu, C.-C.; Liu, R.-S. Functionalized Dibenzo[g,p]chrysenes: Variable 
Photophysical and Electronic Properties and Liquid−Crystal Chemistry. Org. Lett. 2008, 
10, 3053-3056. 
(4) Clar, E.; Guye-Vuillème, J. F.; Stephen, J. F. Higher annellated 1:2,7:8-
dibenzochrysenes. Tetrahedron 1964, 20, 2107-2117. 
(5) Alder, R. W. W., G. Rearrangement of Bifluorenylidene to Dibenzo[g,p]chrysene. J. 
Chem. Soc., Perkin Trans. 1 1975, 2, 712-713. 
(6) Mukherjee, A.; Pati, K.; Liu, R.-S. A Convenient Synthesis of 
Tetrabenzo[de,hi,mn,qr]naphthacene from Readily Available 1,2-Di(phenanthren-4-
yl)ethyne. J. Org. Chem. 2009, 74, 6311-6314. 
(7) Navale, T. S.; Thakur, K.; Rathore, R. Sequential Oxidative Transformation of 
Tetraarylethylenes to 9,10-Diarylphenanthrenes and Dibenzo[g,p]chrysenes using DDQ 
as an Oxidant. Org. Lett. 2011, 13, 1634-1637. 
(8) Mochida, K.; Kawasumi, K.; Segawa, Y.; Itami, K. Direct Arylation of Polycyclic Aromatic 
Hydrocarbons through Palladium Catalysis. J. Am. Chem. Soc. 2011, 133, 10716-10719. 
(9) Li, C.-W.; Wang, C.-I.; Liao, H.-Y.; Chaudhuri, R.; Liu, R.-S. Synthesis of 
Dibenzo[g,p]chrysenes from Bis(biaryl)acetylenes via Sequential ICl-Induced Cyclization 
and Mizoroki−Heck Coupling. J. Org. Chem. 2007, 72, 9203-9207. 
(10) Shimizu, M.; Nagao, I.; Tomioka, Y.; Kadowaki, T.; Hiyama, T. Palladium-catalyzed 
double cross-coupling reaction of 1,2-bis(pinacolatoboryl)alkenes and -arenes with 2,2′-
dibromobiaryls: annulative approach to functionalized polycyclic aromatic hydrocarbons. 
Tetrahedron 2011, 67, 8014-8026. 
(11) Li, X.-C. C. Organic Light-Emitting Device Based on Spiro-Type Conjugated 
Compounds. 2002. 
(12) Cahill, K. ON THE NATURE OF THINGS: COMPUTATIONAL AND EXPERIMENTAL 
STUDIES OF REACTIVE INTERMEDIATES. UNH, Durham, NH, 2013. 
(13) Suzuki, N.; Fujita, T.; Ichikawa, J. Method for the Synthesis of Dibenzo[g,p]Chrysenes: 
Domino Friedel–Crafts-Type Cyclization of Difluoroethenes Bearing Two Biaryl Groups. 
Org. Lett. 2015, 17, 4984-4987. 
60 
 
(14) Ajaz, A.; Voukides, A. C.; Cahill, K. J.; Thamatam, R.; Skraba-Joiner, S. L.; Johnson, R. 
P. Microwave Flash Pyrolysis: C9H8 Interconversions and Dimerisations. Aust. J. Chem. 
2014, 67, 1301-1308. 
(15) Yano, Y.; Ito, H.; Segawa, Y.; Itami, K. Helically Twisted Tetracene: Synthesis, Crystal 
Structure, and Photophysical Properties of Hexabenzo[a,c,fg,j,l,op]tetracene. Synlett 
2016, 27, 2081-2084. 
(16) Wu, D.; Ge, H.; Liu, S. H.; Yin, J. Arynes in the synthesis of polycyclic aromatic 
hydrocarbons. RSC Advances 2013, 3, 22727-22738. 
(17) Tadross, P. M.; Stoltz, B. M. A Comprehensive History of Arynes in Natural Product 
Total Synthesis. Chem. Rev. 2012, 112, 3550-3577. 
(18) Fields, E. K.; Meyerson, S. Benzyne by pyrolysis of phthalic anthydride. Chem. 
Commun. (London) 1965, 474-476. 
(19) Grützmacher, H.-F.; Strabtmans, U. The formation and reactions of 9,10-phenanthryne 
and related arynes by pyrolytic reactions in the vapor phase. Tetrahedron 1980, 36, 807-
813. 
(20) Fort, E. H.; Scott, L. T. Gas-phase Diels–Alder cycloaddition of benzyne to an aromatic 
hydrocarbon bay region: Groundwork for the selective solvent-free growth of armchair 
carbon nanotubes. Tetrahedron Lett. 2011, 52, 2051-2053. 
(21) Laporterie, A. M., J.; Dubac, J., Microwaves in Organic Synthesis. Wiley-VCH: 
Weinheim, Germany, 2002. 
(22) Besson, T.; Thiery, V.; Dubac, J., Microwave-assisted Reactions on Graphite. In 
Microwaves in Organic Synthesis, Wiley-VCH Verlag GmbH: 2008; pp 416-455. 
(23) Cho, H. A., A.; Himali, D.; Waske, P.; Johnson, R.   J. Org. Chem. 2009, 74, 4137-4142. 
(24) Paul, G. C.; Gajewski, J. J. Unexpected Coupling Reaction of 9-Lithiobromomethylene-
9H-fluorene with 6,6-Dicyclopropylfulvene. Synthesis 1997, 1997, 524-526. 
(25) Shakespeare, W. C.; Johnson, R. P. 1,2,3-cyclohexatriene and cyclohexen-3-yne: two 
new highly strained C6H6 isomers. J. Am. Chem. Soc. 1990, 112, 8578-8579. 
(26) Himeshima, Y.; Sonoda, T.; Kobayashi, H. Flouride-Induced 1,2-Elimination of o-
Trimethylsilylphenyl Triflate to Benzyne Under Mild Conditions. Chem. Lett. 1983, 12, 
1211-1214. 
(27) Peña, D.; Escudero, S.; Pérez, D.; Guitián, E.; Castedo, L. Efficient Palladium-Catalyzed 
Cyclotrimerization of Arynes: Synthesis of Triphenylenes. Angew. Chem. Int. Ed. 1998, 
37, 2659-2661. 
(28) Peña, D.; Pérez, D.; Guitián, E.; Castedo, L. Palladium-Catalyzed Cocyclization of 
Arynes with Alkynes:  Selective Synthesis of Phenanthrenes and Naphthalenes. J. Am. 
Chem. Soc. 1999, 121, 5827-5828. 
61 
 
(29) Peña, D.; Pérez, D.; Guitián, E.; Castedo, L. Synthesis of Hexabenzotriphenylene and 
Other Strained Polycyclic Aromatic Hydrocarbons by Palladium-Catalyzed 
Cyclotrimerization of Arynes. Org. Lett. 1999, 1, 1555-1557. 
(30) Herwig, P. T.; Müllen, K. A Soluble Pentacene Precursor: Synthesis, Solid-State 
Conversion into Pentacene and Application in a Field-Effect Transistor. Adv. Mater. 
1999, 11, 480-483. 
(31) Leroux, F.; Schlosser, M. The “Aryne” Route to Biaryls Featuring Uncommon Substituent 
Patterns. Angew. Chem. Int. Ed. 2002, 41, 4272-4274. 
(32) Matsumoto, T.; Hosoya, T.; Katsuki, M.; Suzuki, K. New efficient protocol for aryne 
generation. Selective synthesis of differentially protected 1,4,5-naphthalenetriols. 
Tetrahedron Lett. 1991, 32, 6735-6736. 
(33) Wittig, G.; Ludwig, R. Triptycen aus Anthracen und Dehydrobenzol. Angew. Chem. 
1956, 68, 40. 
(34) Simmons, H. E. A Cycloaddition Reaction of Benzyne. J. Am. Chem. Soc. 1961, 83, 
1657-1664. 
(35) Hsieh, J.-C.; Cheng, C.-H. O-Dihaloarenes as aryne precursors for nickel-catalyzed [2 + 
2 + 2] cycloaddition with alkynes and nitriles. Chem. Commun. 2008, 2992-2994. 
(36) Wittig, G.; Pohmer, L. Über das intermediäre Auftreten von Dehydrobenzol. Chem. Ber. 
1956, 89, 1334-1351. 
(37) Wittig, G.; Knauss, E. Dehydrobenzol und Cyclopentadien. Chem. Ber. 1958, 91, 895-
907. 
(38) Wittig, G.; Behnisch, W. Dehydrobenzol und N-Methyl-pyrrol. Chem. Ber. 1958, 91, 
2358-2365. 
(39) Wittig, G.; Niethammer, K. Dehydrobenzol und Acridin. Chem. Ber. 1960, 93, 944-950. 
(40) Stork, G. M., K. U.S. Patent 3.364.276. Chem. Abstr. 1968, 69, 10398. 
(41) Gilchrist, T. L. Product Class 3: Arynes. Sci. Synth. 2008, 43, 151-224. 
(42) Fields, E. K. B., S. J. J. Org. Chem. 1990, 55, 5165-5170. 
(43) Barton, J. W.; Grinham, A. R. Polycyclic biphenylenes. Part IV. Biphenylenes derived 
from 9,10-phenanthryne. J. Chem. Soc., Perkin Trans. 1 1972, 634-637. 
(44) Hansen, M.; Khanapure, S. P.; Fry, M.; Swartling, D.; Biehl, E. R. Investigation of the 
Reaction of 2-Bromo-1,4-dimethoxynaphthalene and 9-Bromophenanthrene with Nitriles 
Under Aryne-Forming Conditions. Synthesis 1994, 1994, 957-960. 
(45) Wittig, G.; Uhlenberock, W.; Weinhold, P. Bildung und Nachweis von 9.10-
Dehydrophenanthren. Chem. Ber. 1962, 95, 1692-1702. 
62 
 
(46) Best, W.; Collins, P.; McCulloch, R.; Wege, D. Deoxygenation of 1,4-epoxy- 1,4-
dihydroarenes with enneacarbonyldiiron. Aust. J. Chem. 1982, 35, 843-848. 
(47) Burton, N. A.; Quelch, G. E.; Gallo, M. M.; Schaefer, H. F. 
Cyclopentadienylidenecarbene: a stable isomer of o-benzyne? J. Am. Chem. Soc. 1991, 
113, 764-769. 
(48) Gaussian 09, R. E., Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, 
M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; 
Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; 
Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, 
M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, J. A., Jr.; 
Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.; 
Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. 
C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.; 
Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; 
Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; 
Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; 
Dapprich, S.; Daniels, A. D.; Farkas, Ö.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; 
Fox, D. J. Gaussian, Inc., Wallingford CT, 2009. 
(49) Hau, S. C. K.; Mak, T. C. W. Assembly of organosilver coordination frameworks with 
aromatic ligands bearing a terminal enediyne group. Polyhedron 2013, 64, 63-72. 
(50) Spartan 08; Wavefunction Inc., I., CA. 
(51) Bañuelos-Prieto, J.; Agarrabeitia, A. R.; Garcia-Moreno, I.; Lopez-Arbeloa, I.; Costela, 
A.; Infantes, L.; Perez-Ojeda, M. E.; Palacios-Cuesta, M.; Ortiz, M. J. Controlling Optical 
Properties and Function of BODIPY by Using Asymmetric Substitution Effects. Chem. 
Eur. J. 2010, 16, 14094-14105. 
(52) Curtin, D. Y.; Richardson, W. H. The Reactions of Exocyclic Vinyl Halides with 
Phenyllithium1-3. J. Am. Chem. Soc. 1959, 81, 4719-4728. 
(53) Fittig, R. Ueber einige Producte der trockenen Destillation essigsaurer Salze. Justus 
Liebigs Ann. Chem. 1859, 110, 17-23. 
(54) Fittig, R. 41. Ueber einige Derivate des Acetons. Justus Liebigs Ann. Chem. 1860, 114, 
54-63. 
(55) Takehito, T.; Takatoshi, K.; Iwao, H.; Shuntaro, M.; Masashi, T. Pinacolic Coupling of 
Aromatic Carbonyl Compounds Using Zn Powder in Aqueous Basic Media without 
Organic Solvents. Chem. Lett. 1997, 26, 235-236. 
(56) Hoang, M.; Mladenova, G.; Hopkinson, A. C.; Ramnauth, J.; Lee-Ruff, E. Crystal 
structure of and conformational equilibria in 1,1′-dihydroxybis(4H-
cyclopenta[def]phenanthrene) and related derivatives. Magnetic Resonance in 
Chemistry 2001, 39, 294-298. 
63 
 
(57) So, J. H.; Park, M. K.; Boudjouk, P. Reductive coupling of carbonyl compounds with zinc 
and trimethylchlorosilane to produce O-silylated pinacols. Effect of ultrasonic waves. J. 
Org. Chem. 1988, 53, 5871-5875. 
(58) Yang, J. H.; Li, J. T.; Zhao, J. L.; Li, T. S. Pinacol Coupling Reaction of Aromatic 
Aldehydes Mediated by Zn in Acid Aqueous Media Under Ultrasound Irradiation. Synth. 
Commun. 2004, 34, 993-1000. 
(59) A. Sahade, D.; Kawaji, T.; Sawada, T.; Mataka, S.; Thiemann, T.; Tsukinoki, T.; Tashiro, 
M. Aluminium-mediated Reductive Dimerization of Aromatic Dialdehydes. J. Chem. 
Res., Synop. 1999, 210-211. 
(60) Khurana, J. M.; Sehgal, A.; Gogia, A.; Manian, A.; Maikap, G. C. Pinacolization and 
reduction of aromatic carbonyls with aluminium-KOH. J. Chem. Soc., Perkin Trans. 1 
1996, 2213-2215. 
(61) Zhang, W.-C.; Li, C.-J. Magnesium-Mediated Carbon−Carbon Bond Formation in 
Aqueous Media:  Barbier−Grignard Allylation and Pinacol Coupling of Aldehydes. J. Org. 
Chem. 1999, 64, 3230-3236. 
(62) Wang, J. S.; Li, J. T.; Lin, Z. P.; Li, T. S. Magnesium‐Induced Pinacol Coupling of 
Aromatic Aldehydes and Ketones Under Ultrasound Irradiation. Synth. Commun. 2005, 
35, 1419-1424. 
(63) Gomberg, M.; Bachmann, W. E. The Reducing Action of a Mixture of Magnesium Iodide 
(or Bromide) and Magnesium on Aromatic Ketones. Probable Formation of Magnesium 
Subiodide (or Subbromide). J. Am. Chem. Soc. 1927, 49, 236-257. 
(64) McMurry, J. E. Titanium-induced dicarbonyl-coupling reactions. Acc. Chem. Res. 1983, 
16, 405-411. 
(65) Furstner, A.; Csuk, R.; Rohrer, C.; Weidmann, H. Magnesium- and titanium-induced 
reductive coupling of carbonyl compounds: efficient syntheses of pinacols and alkenes. 
J. Chem. Soc., Perkin Trans. 1 1988, 1729-1734. 
(66) Handa, Y.; Inanaga, J. A highly stereoselective pinacolization of aromatic and α, β-
unsaturated aldehydes.dta mediated by titanium(III)-magnesium(II) complex. 
Tetrahedron Lett. 1987, 28, 5717-5718. 
(67) Teruo, M.; Yoshihiko, K. Photo-induced Reactions. XIX. Photopinacolization of 
Unsymmetric Aromatic Ketones. Bull. Chem. Soc. Jpn. 1968, 41, 2483-2485. 
(68) Ma, N.; Shi, W.; Zhang, R.; Zhu, Z.; Jiang, Z. Study on improved diastereoselectivity in 
photo-induced electron transfer pinacol coupling reactions of substituted acetophenones. 
Tetrahedron Lett. 2011, 52, 718-720. 
(69) Mecarova, M.; Toma, S. Optimization of pinacol coupling in aqueous media. Green 
Chemistry 1999, 1, 257-260. 
(70) Zhang, W.-C.; Li, C.-J. Magnesium in water: simple and effective for pinacol-coupling. J. 
Chem. Soc., Perkin Trans. 1 1998, 3131-3132. 
64 
 
(71) Khurana, J. M.; Sehgal, A. Rapid pinacolization of carbonyl compounds with aluminium-
KOH. J. Chem. Soc., Chem. Commun. 1994, 571-571. 
(72) Michael, A. On the Chemical Mechanism of Organic Rearrangements. J. Am. Chem. 
Soc. 1920, 42, 787-821. 
(73) Bartlett, P. D.; Brown, R. F. The Pinacol Rearrangement of cis- and trans-7,8-
Diphenylacenaphthenediols-7,8. J. Am. Chem. Soc. 1940, 62, 2927-2932. 
(74) Lyle, G. G.; Covey, R. A.; Lyle, R. E. Molecular Rearrangements. IV. The Pinacol 
Rearrangement of 1-Hydroxy-1-cyclohexylmethylphenylcarbinol1. J. Am. Chem. Soc. 
1954, 76, 2713-2715. 
(75) Duncan, J. F.; Lynn, K. R. 681. The mechanism of the pinacol-pinacone rearrangement. 
Part II. Catalysis by sulphuric acid. Journal of the Chemical Society (Resumed) 1956, 
3519-3524. 
(76) Hatt, H. H.; Pilgrim, A.; Stephenson, E. F. M. 82. The pinacol-pinacolone rearrangement 
of phenyl-substituted benzopinacols. Journal of the Chemical Society (Resumed) 1941, 
478-483. 
(77) Kimura, T.; Minabe, M.; Suzuki, K. Rearrangements and ring expansions of 4H-
cyclopenta[def]phenanthrene derivatives. J. Org. Chem. 1978, 43, 1247-1248. 
(78) Toda, F.; Shigemasa, T. Pinacol rearrangement in the solid state. J. Chem. Soc., Perkin 
Trans. 1 1989, 209-211. 
(79) Rashidi-Ranjbar, P.; Kianmehr, E. Facile and Fast Pinacol Rearrangement by AlCl3 in 
the Solid State. Molecules 2001, 6, 442. 
(80) Stone, A. J. W., D.  Theoretical Studies of Icosahedral C60 and some related species. J.  
Chem. Phys. Lett. 1986, 128, 501-503. 
(81) Goroff, N. S. Mechanism of Fullerene Formation. Acc. Chem. Res. 1996, 29, 77-83. 
(82) Van Orden, A.; Saykally, R. J. Small Carbon Clusters:  Spectroscopy, Structure, and 
Energetics. Chem. Rev. 1998, 98, 2313-2358. 
(83) Ebbesen, T. W.; Tabuchi, J.; Tanigaki, K. The mechanistics of fullerene formation. 
Chem. Phys. Lett. 1992, 191, 336-338. 
(84) Fowler, P. W.; Manolopoulos, D. E.; Ryan, R. P. Isomerisations of the fullerenes. Carbon 
1992, 30, 1235-1250. 
(85) Fowler, P. W.; Manolopoulos, D. E.; Ryan, R. P. Stone-Wales pyracylene 
transformations of the isomers of C84. J. Chem. Soc., Chem. Commun. 1992, 408-410. 
(86) Austin, S. J.; Fowler, P. W.; Manolopoulos, D. E.; Zerbetto, F. The Stone-Wales map for 
C60. Chem. Phys. Lett. 1995, 235, 146-151. 
65 
 
(87) Balaban, A. T.; Schmalz, T. G.; Zhu, H.; Klein, D. J. Generalizations of the Stone-Wales 
rearrangement for cage compounds, including fullerenes. Journal of Molecular Structure: 
THEOCHEM 1996, 363, 291-301. 
(88) Balaban, A. T. Bond-switch defects in carbon allotropes: Stone-Wales and connected 
exchange. Chem. Phys. Lett. 2013, 566, 50-53. 
(89) Osawa, E.; Ueno, H.; Yoshida, M.; Slanina, Z.; Zhao, X.; Nishiyama, M.; Saito, H. 
Combined topological and energy analysis of the annealing process in fullerene 
formation. Stone-Wales interconversion pathways among IPR isomers of higher 
fullerenes. J. Chem. Soc., Perkin Trans. 2 1998, 943-950. 
(90) Dinadayalane, T. C.; Leszczynski, J. Stone–Wales defects with two different orientations 
in (5, 5) single-walled carbon nanotubes: A theoretical study. Chem. Phys. Lett. 2007, 
434, 86-91. 
(91) Wu, J.; Hagelberg, F.; Dinadayalane, T. C.; Leszczynska, D.; Leszczynski, J. Do Stone–
Wales Defects Alter the Magnetic and Transport Properties of Single-Walled Carbon 
Nanotubes? Journal of Physical Chemistry C 2011, 115, 22232-22241. 
(92) Bettinger, H. F. The Reactivity of Defects at the Sidewalls of Single-Walled Carbon 
Nanotubes:  The Stone−Wales Defect. J. Phys. Chem. B 2005, 109, 6922-6924. 
(93) Dinadayalane, T. C.; Murray, J. S.; Concha, M. C.; Politzer, P.; Leszczynski, J. 
Reactivities of Sites on (5,5) Single-Walled Carbon Nanotubes with and without a Stone-
Wales Defect. J. Chem. Theory Comput. 2010, 6, 1351-1357. 
(94) Yamazaki, K.; Niitsu, N.; Nakamura, K.; Kanno, M.; Kono, H. Electronic Excited State 
Paths of Stone–Wales Rearrangement in Pyrene: Roles of Conical Intersections. J. 
Phys. Chem. A 2012, 116, 11441-11450. 
(95) Woodward, R. B.; Hoffmann, R. The Conservation of Orbital Symmetry. Angew. Chem. 
Int. Ed. Engl. 1969, 8, 781-853. 
(96) Murry, R. L.; Strout, D. L.; Odom, G. K.; Scuseria, G. E. Role of sp3 carbon and 7-
membered rings in fullerene annealing and fragmentation. Nature 1993, 366, 665-667. 
(97) Bettinger, H. F.; Yakobson, B. I.; Scuseria, G. E. Scratching the Surface of 
Buckminsterfullerene:  The Barriers for Stone−Wales Transformation through Symmetric 
and Asymmetric Transition States. J. Am. Chem. Soc. 2003, 125, 5572-5580. 
(98) Brayfindley, E.; Irace, E. E.; Castro, C.; Karney, W. L. Stone–Wales Rearrangements in 
Polycyclic Aromatic Hydrocarbons: A Computational Study. J. Org. Chem. 2015, 80, 
3825-3831. 
(99) Nimlos, M. R.; Filley, J.; McKinnon, J. T. Hydrogen Atom Mediated Stone−Wales 
Rearrangement of Pyracyclene:  A Model for Annealing in Fullerene Formation. J. Phys. 
Chem. A 2005, 109, 9896-9903. 
(100) Alder, R. W.; Harvey, J. N. Radical-Promoted Stone−Wales Rearrangements. J. Am. 
Chem. Soc. 2004, 126, 2490-2494. 
66 
 
(101) Stanković, S.; Marković, S.; Gutman, I.; Sretenović, S. Hydrogen-mediated Stone-Wales 
isomerization of dicyclopenta[de,mn]anthracene. J. Mol. Model. 2010, 16, 1519-1527. 
(102) Suzuki, K.; Maeda, T.; Nawa, N.; Soda, Y. Studies on Fluorene Derivatives. XIX. The 
Clemmensen Reduction of 2-Bromofluorenone. Bull. Chem. Soc. Jpn. 1962, 35, 1299-
1302. 
(103) Ourisson, G.; Yax, E.; Majerus, G. Syntheses of Polycyclic Products by Transpositions. 
Bull. Soc. Chim. Fr. 1967, 4143. 
(104) Ajaz, A.; McLaughlin, E. C.; Skraba, S. L.; Thamatam, R.; Johnson, R. P. Phenyl Shifts 
in Substituted Arenes via Ipso Arenium Ions. J. Org. Chem. 2012, 77, 9487-9495. 
(105) Brown, W. G.; Bluestein, B. Dehydration of 9-Fluorenylcarbinol: a New Synthesis of 
Phenanthrene. J. Am. Chem. Soc. 1940, 62, 3256-3257. 
(106) Yang, Y.; Dai, W.; Zhang, Y.; Petersen, J. L.; Wang, K. K. Ring expansion of 11H-
benzo[b]fluorene-11-methanols and related compounds leading to 17,18-
diphenyldibenzo[a,o]pentaphene and related polycyclic aromatic hydrocarbons with 
extended conjugation and novel architectures. Tetrahedron 2006, 62, 4364-4371. 
(107) Tanaka, K.; Kishigami, S.; Toda, F. A new method for coupling aromatic aldehydes and 
ketones to produce α-glycols using zinc-zinc dichloride in aqueous solution and in the 
solid state. J. Org. Chem. 1990, 55, 2981-2983. 
(108) Suzuki, K.; Maeda, T.; Nawa, N.; Soda, Y. Fluorene derivatives. XIX. The Clemmensen 
reduction of 2-bromofiuorenone. Bull. Chem. Soc. Jpn. 1962, 35, 1299-1302. 
(109) Nakano, M.; Kishi, R.; Takebe, A.; Nate, M.; Takahashi, H.; Kubo, T.; Kamada, K.; Ohta, 
K.; Champagne, B.; Botek, E. Second Hyperpolarizability of Zethrenes. Comp. Lett. 
2007, 3, 333-338. 
(110) Désilets, D.; Kazmaier, P. M.; Burt, R. A. Design and synthesis of near-infrared 
absorbing pigments. I. Use of Pariser–Parr–Pople molecular orbital calculations for the 
identification of near-infrared absorbing pigment candidates. Can. J. Chem. 1995, 73, 
319-324. 
(111) Umeda, R.; Hibi, D.; Miki, K.; Tobe, Y. Tetradehydrodinaphtho[10]annulene: A Hitherto 
Unknown Dehydroannulene and a Viable Precursor to Stable Zethrene Derivatives. Org. 
Lett. 2009, 11, 4104-4106. 
(112) Clar, E. L., K. F.; Schulz-Kiesow, H. Chem. Ber. 1955, 88, 1520-1527. 
(113) Staab, H. A.; Nissen, A.; Ipaktschi, J. Angew. Chem., Int. Ed. Engl. 1968, 7, 226. 
(114) Mitchell, R. H.; Sondheimer, F. The attempted synthesis of a dinaphth-1,6-
bisdehydro[10]annulene. Tetrahedron 1970, 26, 2141-2150. 
(115) Wu, T.-C.; Chen, C.-H.; Hibi, D.; Shimizu, A.; Tobe, Y.; Wu, Y.-T. Synthesis, Structure, 
and Photophysical Properties of Dibenzo[de,mn]naphthacenes. Angew. Chem. Int. Ed. 
2010, 49, 7059-7062. 
67 
 
(116) Sun, Z.; Huang, K.-W.; Wu, J. Soluble and Stable Zethrenebis(dicarboximide) and Its 
Quinone. Org. Lett. 2010, 12, 4690-4693. 
(117) Shan, L.; Liang, Z.; Xu, X.; Tang, Q.; Miao, Q. Revisiting zethrene: synthesis, reactivity 
and semiconductor properties. Chem. Sci. 2013, 4, 3294-3297. 
(118) Sun, Z.; Huang, K.-W.; Wu, J. Soluble and Stable Heptazethrenebis(dicarboximide) with 
a Singlet Open-Shell Ground State. J. Am. Chem. Soc. 2011, 133, 11896-11899. 
(119) Li, Y.; Heng, W.-K.; Lee, B. S.; Aratani, N.; Zafra, J. L.; Bao, N.; Lee, R.; Sung, Y. M.; 
Sun, Z.; Huang, K.-W.; Webster, R. D.; López Navarrete, J. T.; Kim, D.; Osuka, A.; 
Casado, J.; Ding, J.; Wu, J. Kinetically Blocked Stable Heptazethrene and Octazethrene: 
Closed-Shell or Open-Shell in the Ground State? J. Am. Chem. Soc. 2012, 134, 14913-
14922. 
(120) Yadav, P.; Das, S.; Phan, H.; Herng, T. S.; Ding, J.; Wu, J. Kinetically Blocked Stable 
5,6:12,13-Dibenzozethrene: A Laterally π-Extended Zethrene with Enhanced Diradical 
Character. Org. Lett. 2016, 18, 2886-2889. 
(121) Hsieh, Y.-C.; Fang, H.-Y.; Chen, Y.-T.; Yang, R.; Yang, C.-I.; Chou, P.-T.; Kuo, M.-Y.; 
Wu, Y.-T. Zethrene and Dibenzozethrene: Masked Biradical Molecules? Angew. Chem. 
Int. Ed. 2015, 54, 3069-3073. 
(122) Zafra, J. L.; González Cano, R. C.; Ruiz Delgado, M. C.; Sun, Z.; Li, Y.; López 
Navarrete, J. T.; Wu, J.; Casado, J. Zethrene biradicals: How pro-aromaticity is 
expressed in the ground electronic state and in the lowest energy singlet, triplet, and 
ionic states. J. Chem. Phys. 2014, 140, 054706. 
(123) Sun, Z.; Zeng, Z.; Wu, J. Zethrenes, Extended p-Quinodimethanes, and Periacenes with 
a Singlet Biradical Ground State. Acc. Chem. Res. 2014, 47, 2582-2591. 
(124) Sun, Z.; Wu, J. 7,14-Diaryl-Substituted Zethrene Diimides as Stable Far-Red Dyes with 
Tunable Photophysical Properties. J. Org. Chem. 2013, 78, 9032-9040. 
(125) Gomberg, M.; Bachman, W. E. Reducing action of a mixture of magnesium iodide (or 
bromide) and magnesium on aromatic ketones. Probable formation of magnesium 
subiodide (or subbromide). J. Am. Chem. Soc. 1927, 49, 236-257. 
(126) Matsuura, T.; Kitaura, Y. Photoinduced reactions. XIX. Photopinacolization of 
unsymmetric aromatic ketones. Bull. Chem. Soc. Jap. 1968, 41, 2483-2485. 
(127) Wang, K.; Wang, S. X.; Gao, M. Z.; Li, J. T. Pinacol Coupling of Aromatic Aldehydes and 
Ketones in Ethyl Acetate Mediated by TiCl4‐Mg. Synth. Commun. 2006, 36, 1391-1399. 
(128) Li, S.-Y.; Wang, X.-B.; Jiang, N.; Kong, L.-Y. Synthesis of (E)-1,4-Enediones from α-Halo 
Ketones Through a Sodium Sulfinate Mediated Reaction. Eur. J. Org. Chem. 2014, 
2014, 8035-8039. 
(129) Chen, J.; Liu, D.; Butt, N.; Li, C.; Fan, D.; Liu, Y.; Zhang, W. Palladium-Catalyzed 




(130) Sha, Q.; Liu, H.; Wei, Y. Design and Synthesis of 3-Trifluoromethyl-3H-pyrazoles and 
Further Investigations of Their Transformation to 1H-Pyrazoles. Eur. J. Org. Chem. 
2014, 2014, 7707-7715. 
(131) Borovlev, I. V.; Demidov, O. P.; Aksenov, A. V.; Pozharskii, A. F. Heterocyclic Analogs of 
Pleiadiene: LXXIV. peri-Cyclizations in the Perimidine Series. Synthesis of 1,3-
Diazapyrene Derivatives. Russ. J. Org. Chem. 2004, 40, 895-901. 







Appendix A: Spectra 
 
 
 
 
  
70 
 
 
  
71 
 
 
72 
 
 
73 
 
 
 
74 
 
 
 
75 
 
 
 
76 
 
 
 
77 
 
 
 
78 
 
 
  
79 
 
 
 
80 
 
 
  
81 
 
 
 
